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ABSTRACT
COMPARING THE PALEOHYDROLOGIC STRUCTURE ON EITHER SIDE OF WITCHELINA
DIAPIR, SOUTH AUSTRALIA
David P. Canova, MS
Department of Geology and Environmental Geosciences
Northern Illinois University, 2017
Mark P. Fischer, Director
This thesis uses both numerical modeling and a field study to assess fluid systems associated
with salt diapirs. I initially use the modeling software TOUGH2-MP to simulate coupled fluid and heat
transport in the near salt environment. I use the software to conduct numerical simulations of coupled
fluid and heat transport in a salt dome environment to determine the effects of advective heat transport in
different scenarios. Model sets were designed to investigate (1) salt geometry, (2) depth dependent
permeability, (3) geologic heterogeneity, and (4) a combined simulation to assess the relative influence of
each of these factors.
Decreasing the dip of the diapir induces advective heat transfer up the side of the diapir, elevating
temperatures in the basin. The resulting fluid circulation causes flow up the diapir flank. Depth dependent
permeability causes upwelling of warm waters in the basin. Heat is advected up the diapir in a narrower
zone of upward-flowing warm water, and cold waters are advected deeper into the basin with isotherms
nearly parallel to the salt sediment interface. The resulting fluid circulation pattern causes increased
discharge at the diapir margin and fluid flow downward, above the crest of the diapir. Geologic
heterogeneity decreases the overall effects of advective heat transfer. Sealing horizons reduce the
vertical extent of convective cells and fluid flow is dominantly up the diapir flank. The combined effects of
depth dependent permeability coupled with geologic heterogeneity provide the most realistic model.
Conductive heat transfer dominates in the basal units, whereas advection of heat begins to affect the
middle layers of the model and dominates the upper units of this model. Convection cells split by sealing
layers develop within the upper units. Overall, my results indicate that fluid flow and the associat

thermal advection are strongly controlled by salt geometry, permeable layer (i.e., reservoir) thickness, and
permeability. Advective heat transport (i.e. thermal convection) likely dominates in the early phases of
diapirism when sediments are relatively shallow and retain high porosity and permeability. As diapirism
continues, and the salt sediment interface develops vertically, along with stratigraphic heterogeneity in the
minibasin, conduction through the diapir will likely be the main heat transport mechanism with advection
affecting the shallow, low permeability sediments. Further modeling is necessary to assess the relative
influence of more complex structural geometries (i.e. megaflaps, salt shoulders, and other growth
geometries), as well as these factors in the presence of salt dissolution.
The third chapter of this thesis characterizes the fracture controlled paleohydrologic structure of
two primary minibasins on ether side of Witchelina diapir in the Willouran Ranges of South Australia. I use
a combination of structural and geochemical techniques to infer what the fluid system behavior was like
when veins formed near the diapir. Fractures around Witchelina diapir are dominantly perpendicular to
bedding despite significant rotations during salt diapirism and Delamerian deformation. Vein minerals
were precipitated from a high temperature, high salinity, metamorphic fluid that entered the respective
minibasins and rapidly cooled, precipitating quartz and dolomite upon fluid ascent. My data indicate that
the fluid system around Witchelina diapir was metamorphic in origin and was fluid dominated, but host
rock mediated, with the local stratigraphic architecture and fracture network playing a critical role in fluid
compartmentalization and migration.
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CHAPTER 1
INTRODUCTION TO THIS STUDY
Salt structures are associated with vast hydrocarbon reservoirs. As a consequence, understanding
the mechanisms and controls on fluid flow near salt is essential for hydrocarbon exploration (Hearon et al.
2015a; Rowan et al. 2016). I use numerical modeling and a field study to refine our understanding of saltrelated fluid and heat transport systems and the evolution of these systems through time.
The structure of this thesis is broken up into four chapters: (1) an introduction, (2) numerical
modeling, (3) a field study, and (4) conclusions. The document was prepared as two stand alone
manuscripts, each with its own presentation of relevant methods and results. At the time of the defense of
this thesis Chapter 2 has been submitted for publication in the journal, Basin Research. The second
chapter of this thesis uses the modeling software TOUGH2-MP to simulate coupled fluid and heat
transport in the near salt environment. The goal of the second chapter is to understand the fundamental
controls on advective heat transport and propose a simple model for the evolution of fluid system
structure through time. I conducted a series of simulations testing the effects on the fluid system of: (1)
salt diapir geometry, (2) near-salt stratigraphic architecture, and (3) depth dependent permeability. A final
model combining all of these variables is intended to simulate a more realistic, natural system. The third
chapter of this thesis characterizes the paleohydrologic structure of two primary minibasins on ether side
of Witchelina diapir in the Willouran Ranges of South Australia. I use a combination of structural and
geochemical techniques to infer what the fluid system behavior was like when the veins formed. These
analyses included: thin section petrography, scanning electron microscopy, fluid inclusion
microthermometry, and stable isotope geochemistry on quartz and dolomite from the vein and host rock
material. I combined the results of all of these analyses to determine the paleohydrologic system in both
minibasins. The last chapter integrates the conclusions of the first two chapters, critically analyzes the
methodology of the study and suggests ideas for future work.

CHAPTER 2
ADVECTIVE HEAT TRANSPORT AND THE SALT CHIMNEY EFFECT, A NUMERICAL ANALYSIS

2.1 Introduction
Salt structures cause anomalous temperature distributions throughout many sedimentary basins
due to the high thermal conductivity of salt as compared to other sedimentary rocks (Esch & Hanor, 1995;
Banga & Hanor, 2002; Forest, 2007; Wilson & Ruppel, 2007; Downs, 2012; Magri et al. 2009; Cacace &
Scheck-Wenderoth, 2010; Kaiser et al. 2011). The strong thermal conductivity contrasts between salt
rocks and the surrounding sediments results in higher heat fluxes through salt diapirs and thus increased
temperatures above salt domes, creating what has become known as the “salt chimney effect” (Figure 21; Evans et al. 1995; Wilson & Ruppel, 2007; Cacace & Scheck-Wenderoth, 2010; Kaiser et al. 2011).
This effect has the potential to dramatically alter the generation, movement, accumulation, and
preservation of hydrocarbons and other fluids in the vicinity of salt structures. These fluid-related
processes can in turn alter the temperature distribution in the rocks surrounding a salt structure, creating
a complex feedback system amongst the evolving salt structure, the temperatures in the enveloping
rocks, and the nearby fluid system.
Analyses of salt thermal effects and their role in salt-related fluid systems have progressed from
early models of conductive heat transfer through salt rocks, to models that incorporate thermal
convection, salt dissolution, and advective fluid flow. Salt diapirs in early studies were modeled as
perfectly cylindrical structures in a homogenous and isotropic sedimentary medium (e.g. Posey & Kyle,
1988; Evans et al. 1991). These and other studies clearly identify positive temperature anomalies above
salt domes and negative temperature anomalies below salt domes (O’Brien & Lerche, 1987; Sarkar et al.
1995; Forest et al. 2007; Magri et al. 2007; Wilson & Ruppel, 2007; Magri et al. 2009; Cacace & ScheckWenderoth, 2010; Kaiser et al. 2011), with the largest anomalies at the top and bottom of the dome
(Figure 2-1). Sarkar et al. (1995) modeled the fluid system beneath allochthonous salt sheets in the Gulf
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of Mexico region and concluded that temperature and dissolution-related salinity differences could be
significant variables driving convective fluid flow. Recent, basin-scale studies in the Northeast German
Basin concluded that advective heat transport could play a significant role in heat transfer on the
minibasin scale (~1-10km), potentially reorganizing the thermal structure of minibasins adjacent to diapirs
(Cacace & Scheck-Wenderoth, 2010; Kaiser et al. 2011). Although these studies lacked the resolution to
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definitively characterize this behavior, they suggested that advection could reduce the thermal anomaly

Geochemistry
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Geophysics
associated with salt structures by transporting heat away from a structure, or that it could enhance the
Geosystems

G

thermal anomaly by advecting heat up the diapir flank.

Figure 2-1. The salt chimney effect. (a) A cross section through the North East German Basin showing
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through time. They assume a present geometry and assess the fluid system at a single point in time
whereas in reality these fluid systems evolve along with the salt structure, inheriting characteristics from
each stage of sedimentation and diapirism. To evaluate the fluid system and thermal structure
development through time one must understand how the fundamental evolution of salt structures is going
to affect the fluid system and temperature distribution in the minibasins.
The local-scale, thermally driven fluid system near salt structures has the potential to impact
hydrocarbon maturation, degradation, and migration, as well as petroleum systems and prospect risking
(Forrest et al. 2007; Wilson & Ruppel, 2007; Cacace & Scheck-Wenderoth, 2010; Kaiser et al. 2011).
Advective heat transfer has the potential to expand or shrink the hydrocarbon window adjacent to salt
structures and could also lead to hydrocarbon destruction via bacterial and thermochemical sulfate
reduction (e.g. sour gas creation; Wilson & Ruppel, 2007; Cacace & Scheck-Wenderoth, 2010; Kaiser et
al. 2011). By modifying the temperature distribution in the vicinity of a diapir, advection could affect
methane hydrate stability, fluid pressure distribution, Earth stress, diagenetic reactions, microbial
processes, the distribution and migration of hydrocarbons, and the creation and occlusion of reservoir
porosity (Posey & Kyle, 1988; Magri et al. 2009). Understanding how advective heat transfer affects the
temperature distribution near salt bodies is a first step toward refining and improving our models of saltrelated petroleum systems and more accurately assessing the risk that is inherent in these complex
plays.
This chapter employs fully coupled numerical simulations of fluid and heat flow to investigate
advective heat transport and the onset of thermal convection adjacent to a salt diapir. The scale of the
investigation is limited to an area adjacent to a salt diapir and up to 10 km into the adjacent minibasin.
The models use simplified, static, salt diapir geometries to probe the complex feedback relationships
between salt-related fluid system behavior and the salt chimney effect. The effects of evolving salt body
geometry, salt dissolution, and deformation-induced changes in porosity, permeability and fluid pressure
are beyond the scope of my work.
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2.2 Numerical Modeling Methods
The initial model domain was developed from a two dimensional cross-section of a radially
symmetric diapir, 500m below sea level, and 400m below the sea floor (Figure 2-2). The top boundary of
the model was set at 5°C with a constant hydraulic head. Salt is assigned a porosity of 1% and
-19

2

permeability of 10 m ; sediments were initially modeled as homogenous and isotropic (Table 2-1), but in
later models the permeability was specified to vary with depth. I assume no salt dissolution throughout the
model domain and that all fluid flow is driven by thermal gradients associated with the salt structure (i.e.
no salt top topography or salinity gradients). I discretized the model mesh into a square grid with 50,000
cells; each cell is 100m x 100m and 1m thick (X=10,000, Y=5000, Z=1).

Constant Hydraulic Head (9.78MPa)

0.5

km below sea level

1.5

2.5

Sandstone or Shale
(1.5 – 2.37 W/mK)

No flow

No flow

3.5
Basal Heat Flux
2

(40 - 63 mW/m )

4.5
Salt (6 W/mK)
5.5

0

1

2

3

4

5
km

6

7

8

9

50

Figure 2-2. Initial model configuration. A schematic diagram of the initial model set up. No
flow boundaries are imposed across the bottom and sides of the model and the top of the
model is set at a constant hydraulic head 500m below sea level. White area represents salt
rocks; brown area represents sandstone or shale depending on the modeling run. The bottom
cells (pink and blue) are all assigned a constant heat flux through sediments with the same
thermal and physical properties of the overlying units.
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Table 2-1. Rock Properties

Before simulations, initial conditions were computed to establish the hydrostatic pressure
distribution for each model domain. The initial conditions represent fully saturated conditions ranging from
500 m below sea level (5.13 MPa) to 5500 m below sea level (50.36 MPa). Groundwater flow is simulated
in each model domain for 500 ka, providing sufficient time to achieve steady flow within each scenario.
The code selection for this work is TOUGH2-MP, compiled with EOS1, the equation of state module for
simulating non-isothermal, multiphase conditions. TOUGH2/EOS1 solves the coupled equations for heat
transfer and fluid flow in an integrated finite volume numerical scheme. In this formulation, the
temperature dependent properties of water (e.g., density, viscosity, specific enthalpy) are updated for
each grid cell at each iteration using the steam table equations (IFC, 1967). Dirichlet boundaries are
imposed at the surface to maintain the hydrostatic pressure gradient. The far field is an adiabatic (no flow)
boundary, on the right side of the model domain, and is 50 km away to reduce boundary effects. In
keeping with other diapir-related flow models, I assume a radially symmetric diapir, and adiabatic (no
flow) boundaries are imposed across the bottom and left edge of each model domain. A constant heat
2

flux (40 or 63 mW/m ) is applied across the bottom boundary to induce a geothermal gradient ranging
from 25 – 35 °C/km, depending upon the simulation. Thermal conductivity, permeability, porosity, rock
grain specific heat, and density are averaged for salt, sandstone, and shale lithologies from the Gulf of
Mexico (GOM) for all models and are shown in Table 2-1 (Harrison & Summa 1991; Sarkar et al. 1995;
Clark, 1997).
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The model results presented here assess the combined effects of conductive and advective heat
transport caused by groundwater flow. As shown in Figure 2-3, these models systematically evaluate
coupled changes in fluid and thermal system structure in response to (1) salt diapir geometry, (2) depth
decaying permeability, (3) stratigraphic heterogeneity/ architecture similar to that in composite halokinetic
sequences (Giles & Rowan, 2012), and (4) combined depth dependent permeability and stratigraphic
heterogeneity. The first set of models investigates whether changing the dip of the salt sediment
interface could induce convective flow and advective heat transfer. The second set of models investigates
how a vertical permeability gradient could affect the heat distribution and whether it stimulated or impeded
convective flow and advective heat transfer. The third set of models incorporated heterogeneous growth
strata to evaluate the impact of minibasin sealing layers, and to provide insight into the potential of up-dip,
stratal terminations as hydrocarbon traps. The last set of models combined geologic heterogeneity and
stratigraphic architecture to assess the relative role of each of these components in a more realistic
scenario (Figure 2-3).

Figure 2-3. Schematic model domains. The schematic diagrams show the generic model mesh
created for each modeling scenario. White represents salt rocks, light brown represents sandstones,
and dark brown represents shales. Models were run with increasing geologic heterogeneity adding
one complexity at a time.
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2.2.1 Critical Permeability Threshold
The classical Rayleigh – Taylor instability theory can be used to demarcate convective flow in
homogenous systems, although its applicability to heterogeneous systems is limited (Sharp et al. 2001;
Geiger et al. 2005; Simmons et al. 2001). To investigate the onset of advection near salt domes I first
calculated a critical permeability threshold for a simple system using the Rayleigh and Péclet numbers
from relevant values given in 2- 2. The Rayleigh number is a dimensionless parameter that describes
instabilities in a layer of fluid caused by density gradients throughout the fluid. Sarkar et al. (1995) and
Huysmans & Dassargues, (2004) applied this equation to low permeability and porous material as:
!! =

!"#∇!"
!!!

,

(1)

where the variable definitions and units are provided in Table 2-2 . A Rayleigh number ≥ 40 represents an
unstable system where convective heat transfer will dominate the thermal behavior of the system. The
onset of advection is often described using the Péclet number (Pe), a dimensionless quantity that
describes the relative rates of advective and diffusive heat transfer in low permeability sediments (Sarkar
et al. 1995; Huysmans & Dassargues, 2004). For our model domain and the parameters given in Table 22, the Peclet number is
!! =

!"#$%&'#$ !"#$%&'" !"#$
!"##$%"&' !"#$%&'" !"#$

= 0.056

!"#
!!!!

γ,

(2)

When this quantity is greater than or equal to one, groundwater flow will begin to alter the subsurface
temperature field.
The Péclet number for our models is very sensitive to the permeability of the reservoir, with
2

changes of ± 0.1E-15 m causing a drastic reorganization of the thermal structure adjacent to the diapir.
For the initial model domain the critical permeability, represented by a Péclet number of ~0.9, was 2.5E2

15 m and is shown in Figure 2-4. I identified the critical permeability by adjusting permeability within the
model domain until vertical heat flow vectors, indicating a conduction-dominated system, begin to deflect
towards the salt structure, indicating that fluid circulation adjacent to the diapir is causing significant
advective heat transfer in the minibasin. Advective heat transport is dominating the thermal structure
when the fluid flow vectors and heat flow vectors mirror each other (Sarkar et al. 1995; Huysmans &
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10
0.5

Fluid Flow
k = 2.5E-15

2.5

3.5

Salt

km bsl

1.5

4.5
5.5
0.5

Heat Flow
k = 2.5E-15

2.5

3.5

Salt

km bsl

1.5

4.5

5.5
0

1

5

2

3

25

4

5

6

7

8

km

50
75
o
Temperature in C

100

9

10

130

Figure 2-4. Critical permeability threshold. Fluid flow (top), and heat flow (bottom) vectors at the
2
critical permeability (2.5E-15 m ). The heat flow vectors begin to mirror the direction of fluid
movement indicating a transition to advective heat transfer. When the fluid vectors and heat
vectors mirror each other advective heat transport is the dominant process.

11
Dassargues, 2004). The critical permeability threshold I identified was used in all subsequent models to
test the relative influence of salt geometry and stratigraphic architecture/geologic heterogeneity on the
onset of advection in the near salt environment.

2.3 Results
2.3.1 Salt Diapir Geometry
I varied the homoclinal dip of the salt-sediment interface from 90˚ to 45˚ to investigate the first
order influence of diapir geometry on advective heat transfer near salt diapirs (Figure 2-5). Each of the
2

three scenarios was run at the critical permeability of 2.5E-15 m . Groundwater flow and heat transport for
a vertical (90°) salt-sediment interface show a conduction dominated system with heat flow vectors just
beginning to deflect towards the salt structure. Fluid circulation occurs in the sediments adjacent to the
diapir, but there is no significant effect on the temperature distribution within the basin; heat transport is
controlled by conduction through the diapir and adjacent sediments. Conductive heat transfer through the
salt diapir controls the thermal anomaly associated with the salt chimney effect.
Heat transport in the model with a 60˚ dipping salt-sediment interface is almost fully advection
dominated, with fluid flow vectors and heat flow vectors mirroring each other. Compared to the case with
a vertical salt-sediment interface, fluid velocities along the diapir flank increase, resulting in the advection
of warm waters up the diapir flank. The increased fluid flux up the diapir flank is balanced by the
infiltration of cold seawater into the central parts of the minibasin. Advective heat transport elevates
temperatures adjacent to the diapir and diminishes temperatures further into the minibasin. When the dip
of the diapir flank is decreased, the thermal anomaly associated with the salt chimney effect is dominated
by the advection of warm waters up the diapir flank and eventually discharging at the diapir margin.
For the case with a 45˚ dipping salt-sediment interface, fluid flow and heat transport are tightly
coupled, resulting in vigorous advective heat transport that elevates temperatures along the diapir flank.
Fluid velocities increase and heat is drawn further up the diapir flank, while cold waters are drawn deeper
into the minibasin. Heat transport in the minibasin is fully advective, the thermal structure is strongly
influenced by the dip of the salt-sediment interface, and the salt chimney effect is largely associated with
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advected warm waters along the flank of the diapir.
In summary, the results of this model set indicate that decreasing the dip of a diapir flank results
in increased fluid velocities, which in turn cause the main heat transport process to shift from a
conduction-dominated system to an advection-dominated system. Decreasing the dip of the diapir flank
results in more efficient heat flow over a wider area. Therefore, there is a greater volume of warm,
buoyant fluid that results in increased flow rates up the flank of the diapir. As fluid flux in the minibasin
increases, the cause of the salt chimney effect is shifted from conduction through the diapir to the
advection of warm waters up the diapir flank, increasing temperatures adjacent to the salt structure.

2.3.2 Stratigraphic Architecture
The stratigraphic architecture in minibasins and adjacent to salt bodies can be complex and
highly heterogeneous (e.g. Esch & Hanor, 1995; Steen et al. 2011; Kaiser et al. 2011). As noted by Giles
& Rowan (2012), stratal terminations against salt may be abrupt or gradual, and associated folding may
be focused in a < 200 m wide zone adjacent to salt (e.g., hook halokinetic sequence), or extend up to 1
km away from the salt-sediment interface (e.g., wedge halokinetic sequence). Moreover, minibasin
sediments are never strictly isotropic and homogeneous; sealing units are present at different
stratigraphic levels, and porosity and permeability are known to decrease with depth (Harrison & Suma,
1991; Saar & Manga, 2004; Manning & Ingebritsen, 1999; Pollyea et al. 2015). All of these added
complexities should influence the movement of fluid near salt diapirs, and therefore, the salt chimney
effect.
I conducted a series of models to investigate how changing the depth and geometry of a laterally
continuous 200m thick sealing layer may affect heat transfer and fluid flow near a salt diapir with a 60°
homoclinal dipping salt-sediment interface (Figure 2-6). As shown in Figures 2-6 and 2-7, minibasin
sealing layers segment and compartmentalize the fluid system. Sealing layers tend to “cap” convective
cells and effectively decouple the thermal structure of the minibasin, creating two discrete fluid systems.
This causes different heat transport mechanisms to dominate permeable horizons depending upon the
thickness, continuity, and structural position of the reservoir. Thick and permeable stratigraphic horizons
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favor advective heat transport while thin reservoirs are characterized by conduction. When three sealing
layers are added to the model domain, creating highly heterogeneous stratigraphy, advective heat
transfer is greatly diminished and only affects sediments near the salt, and the thermal structure is
controlled by conduction. Overall the effects of advective heat transfer are reduced and conduction
through the salt diapir dominates the thermal anomaly associated with the salt chimney effect. The
permeability structure within the top 1km of the model domain controls whether the salt chimney effect is
dominated by advection of warm waters along the diapir flank, or conduction through the salt rock. If the
upper reservoir is homogenous and permeable, advection will drive the thermal anomaly above the salt
structure.
Hook and wedge style terminations (Giles & Rowan, 2012) cause fluid to circulate within discrete
hydrologic zones given a large enough permeability contrast between units. Regardless of the style of
termination (i.e., wedge or hook), fluids are trapped below the upturned portions of the sealing unit, and
the volume of trapped fluid is dependent upon the amount of upturn related to halokinetic folding. Fluid
velocities are greatest above and below the fold hinge of wedge sequences, driving warm waters towards
the diapir in the bottom of the reservoir and advecting heat away from the diapir in the top of the reservoir.

2.3.5 Depth Decaying Permeability
In many sedimentary basins it is well established that increasing compaction with depth causes a
corresponding decrease in permeability (Harrison & Suma, 1991; Saar & Manga, 2004; Manning &
Ingebritsen, 1999; Pollyea et al. 2015). To constrain the impact of this behavior on the fluid system and
temperature distribution near salt diapirs, I imposed a depth dependent permeability trend in the
minibasin of an otherwise homogeneous model with a 60˚ dipping, salt-sediment interface. The depthdependent permeability decay (k(z)) I used is given by:
! ! = ζ z !! ,

(4)

where ζ(z) is a scaling coefficient and ks is the permeability at the sea floor. The formulation for ζ z
invokes the permeability scaling model proposed by Saar & Manga (2004), which is a piecewise function
based in part on the power-law scaling model originally proposed by Manning & Ingebritsen (1999) for
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basalts in Oregon; to our knowledge there is no better approach for modeling depth dependent
permeability in a sedimentary medium. In this model the depth dependent permeability relationship, ζ z
is given by:
!

ζ z = ! !!"#
ζ z = ζ 800m

!
!""!

!!.!

z ≤ 800m below sea floor,

(5)

z > 800m below sea floor,

(6)

Permeability values at the sea floor (ks) are assigned using estimates for Gulf Coast sediments from
2

Harrison & Summa (1991). The sea floor sediments are assigned a permeability (ks) of 1×10!!" m ,
2

resulting in a minimum permeability of 1×10!!" m . Sediments and salt retain all other thermal and
physical properties shown in Tables 2-1 and 2-2.
Inducing a stepwise permeability change with depth reorganizes the thermal structure of the
minibasin (Figure 2-8). The low permeability surface sediments allow cold seawater to infiltrate deep into
the minibasin, depressing temperatures throughout the basin. Instead of convective plumes, narrow
zones of upwelling warm waters develop. Fluid flux up the flank of the diapir is increased, causing the
zone of warm waters near the diapir to narrow. Isotherms are deflected to nearly parallel the saltsediment interface, and in the minibasin there is a distinct boundary between upward and downward heat
transfer (Figure 2-8). This boundary is particularly sensitive to the magnitude of the basal heat flux: when
the basal heat flux increases, the boundary between upward and downward heat flow is depressed to
greater depths. This effect is related to increasing fluid velocities, causing increased discharge at the
diapir crest that is balanced by an influx of cold seawaters further into the minibasin. Since the fluids are
discharging with a high velocity at a discrete point, the area of infiltrating cold waters is broad, but
infiltration rates are relatively slow, resulting in a wider area of colder temperatures.

2.3.6 Depth Dependent Permeability and Stratigraphic Architecture
I tested a combination of stratigraphic heterogeneity and depth dependent permeability to
examine the behavior of a more realistic, complex hydrologic regime (Figure 2-9). Sealing units were
modeled as shales with permeability an order of magnitude lower than the surrounding sediments. The
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2

geothermal gradient was set at 35 °C/km (63 mW/m basal heat flux), and the sediments retain the
idealized properties of sandstone, salt, or shale, respectively (Table 2-1). The addition of stratigraphic
heterogeneity reduces the infiltration of cold seawaters and increases temperatures throughout the basin;
the sealing layers cause distinct fluid systems to develop within each permeable horizon (Figure 2-9).
Fluid circulation occurs in each of these horizons, but the thermal structure of each horizon is
considerably different. Conduction dominates in the basal fluid system where permeability is low, and
thus fluid velocities are low. Advection begins to affect this system very near the salt-sediment interface,
although the effect on the thermal structure is minor. In the middle units with moderate permeability I see
a transitional system where advective heat transfer starts to alter the thermal structure near the saltsediment interface. Heat is advected up the diapir flank, but again, the reorganization of the thermal
structure is relatively minor. In the upper two permeable horizons, advection transfers heat up the diapir
flank and away from the diapir in the upper portions of the reservoir. The thermal anomaly associated with
the salt chimney effect is largely controlled by the discharge of warm fluids at the diapir margin (Figure 29). Fluid velocities increase adjacent to the diapir and cold waters are advected deeper into the system. In
the upper unit, which is in direct communication with the ocean, advection of heat is the dominant heat
transport mechanism, with thermal convection cells developing adjacent to the crest of the diapir (Figure
2-9).

2.4 Discussion
Remember, all models are wrong; the practical question is how wrong do they have to be to not
be useful… essentially, all models are wrong but some are useful. (Box & Draper, 1987)
Even though the models presented here are highly simplified and cannot hope to capture all
aspects of real world scenarios, they do provide important insights into the fundamental controls on the
behavior and evolution of the thermal structure near salt diapirs, and in their adjacent minibasins.
Predictions based on these models can help to refine our understanding and interpretation of petroleum
systems near salt structures with steep to moderately dipping boundaries and provide guidelines for
interpreting the long-term thermal history and fluid system evolution around more complex salt structures.
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2.4.1 Coevolution of Diapirs and their Associated Fluid Systems
Fluid systems near salt are largely controlled by the structural evolution of the diapir and thus the
halokinetic evolution of the adjacent minibasin strata. Passive diapirs generally grow via a downbuilding
process where dense sediments “sink” into the surrounding, less dense salt (Jackson et al. 1994; Hudec
& Jackson, 2007). Therefore, as diapirism commences, the salt-sediment interface will develop from subhorizontal to vertical and sometimes even to overhanging (Jackson et al. 1994; Hudec & Jackson, 2007).
Despite the fact that I do not include an evolving salt diapir geometry, our numerical modeling
predicts that advective heat transport dominates in the early stages of diapirism when the salt-sediment
interface dips at low angles, and sediments are relatively uncompacted and retain high porosity and
permeability. As diapirism and sedimentation continue the dip of the salt-sediment interface will evolve
into a more vertical orientation, and compaction of sediments in the minibasin will result in decreased
porosity and permeability with depth (Harrison & Suma, 1991; Saar & Manga, 2004; Manning &
Ingebritsen, 1999; Pollyea et al. 2015). Therefore, advective heat transport will progressively diminish and
conduction through the sediments will begin to control the thermal structure of the minibasin (Figure 210). Advected warm waters could degrade hydrocarbons along the salt-sediment interface early in salt
diapirism while preserving organic material deeper in the minibasin where the slow infiltration of seawater
causes decreased temperatures. Similarly the high fluid velocities associated with advection would likely
drive dissolution along the flank and at the crest of the diapir, creating high salinity brines early in diapiric
evolution. As sedimentation continues and stratigraphic heterogeneity increases, sediments at depth will
see a reduction in porosity and permeability, and thus fluid velocities will diminish. When shales or other
low permeability rocks are deposited on top of a permeable horizon they could essentially trap the
circulating fluids, thus creating a distinct fluid system below and above the seal, effectively isolating the
reservoir.
In the later stages of diapirism when the salt structure is vertical to overhanging and sediments
define a complex and heterogeneous permeability structure, conduction through the diapir will control the
thermal structure, only slightly altering temperatures in the minibasin, with the thermal anomaly
associated with the salt chimney effect controlled by conduction through the salt. Figure 2-10, shows a
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hypothetical schematic evolution of a passive diapir and the accompanying evolution of fluid system
structure through early, middle, and late stages of passive diapirism. Kuehn & Guenther (2007) showed
that free thermal convection is primarily dependent on the geometry of the reservoir, similar to the
conclusions of this work, where thermal convection is strongly dependent on the geometry of the salt
diapir. Furthermore the direction of fluid flow will greatly influence whether faults and fractures transmit
fluid up the stratigraphic column or down through the stratigraphic column. It is evident that faults and
fractures within about 1km of the salt diapir (and especially within sealing layers) will readily increase
upward fluid migration while faults and fractures in the center of the minibasin will likely transmit cool
waters deeper into the minibasin.

2.4.4 Depth Decaying Permeability and Stratigraphic Heterogeneity: Implications for Real World Fluid
Systems Near Salt
A constant permeability change with depth is probably the most important and most commonly
overlooked aspect to the fluid system and thermal structure of minibasins. Many studies have shown that
there is consistent permeability/ porosity decay with depth in sedimentary basins around the world (Bond
& Kominz, 1984; Harrison & Suma, 1991). The addition of depth dependent permeability alone causes
the structure of convective plumes to narrow into discrete zones of upwelling (Figure, 2-8). Many recent
studies show the development of complex convection cells in thick and permeable reservoirs near salt
structures. It is likely that one or two convective cells may develop adjacent to a salt diapir, but our
models suggest that a chain of convective cells extending many kilometers into the adjacent minibasin in
a permeable horizon is unlikely. In addition, the structure of these convection cells likely reflects the
geometries observed in the present models. Instead of a distinct, convective plume, warm waters ascend
via narrow zones of upwelling.
In the Kwanza basin, offshore Angola, the fluid system and thermal structure are tightly coupled with
thermal advection of warm seawaters, increasing temperatures above and adjacent to salt diapirs and
resulting in the formation of fluid escape features at the seafloor near the crest of diapirs and edges of
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salt sheets (Serie et al. 2016). Serie et al. (2016) identify features including pockmarks, mud and
asphalt volcanoes, surface slicks as well as shallow subsurface paleopockmarks, indicating a strong
correlation between the petroleum system, fluid system, and thermal structure within the minibasins.
Furthermore they noted elevated temperatures above salt domes (i.e. the salt chimney effect), which they
attributed to fluid advection along high permeability, inclined strata adjacent to salt structures. Although
intuition might suggest that elevated temperatures above and adjacent to salt would be associated with
elevated geothermal gradients in the surrounding minibasin, the present models indicate that high fluid
discharge near the diapir crest is likely associated with slow infiltration of cold waters that will depress
geotherms in the middle of the minibasin. Consequently the depressed temperatures could preserve
hydrocarbons that would otherwise be over mature at their current position. Anomalous pockmarks in the
center of minibasins could be associated with the advected warm waters ascending via narrow zones
similar to the geometries observed in the present models.
Pipes, faults, fractures, and other secondary porosity features near the diapir margin (within
~1km) will likely transmit fluids upward, whereas structures deeper in the minibasin may allow more
efficient infiltration of cold waters (Cartwright & Santamarina, 2015; Serie et al. 2016). Seal bypass
systems (faults, and fractures) will likely enhance advective heat transfer because these pathways
represent highly permeable zones that will readily transmit fluids vertically through the stratigraphic
section. The location of faults and fractures could therefore have a significant effect on thermal
maturation, preserving hydrocarbons where cold waters percolate down along faults and degrading
hydrocarbons where warm waters are ascending near the salt sediment interface. Furthermore the
direction of fluid flow has direct impacts on the location of hydrocarbon traps with high fluid velocities
away from the diapir working to counteract buoyancy forces associated with petroleum migration, leaving
promising traps void of hydrocarbon accumulations.
In the Gulf of Mexico many field studies clearly show three distinct hydrogeologic zones (e.g. Harrison
& Suma, 1991; Esch & Hanor, 1995; Hart et al. 1995; Sarkar & Hanor, 1995; McManus & Hanor, 1993;
Finkbeiner et al. 2001; Steen et al. 2011). The hydrogeologic zones are characterized by (1) seawater
salinities, and normally pressured waters in the lowest hydrologic zone, (2) overpressured, high salinity
waters are found in the middle zone and (3) normally pressured seawater in communication with open
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ocean waters in the upper zone. Although salt dissolution is not explicitly modeled in this scenario it has
been shown that the density gradients associated with salt dissolution would overwhelm the density
gradients associated with thermal convection when meteoric or low salinity waters are in contact with the
diapir. However, over time, as high salinity brines stabilize, thermal convection will again drive fluid flow
(Sharp et al. 2001; Ruppel et al. 2005; Wilson & Ruppel, 2007). The presence of haline and thermohaline
driven convection cells is likely a transient process associated with fault valve behavior and release of
overpressured, higher salinity fluids (Ruppel et al. 2005). Over geologic time, thermal convection is likely
the main driver of fluid flow near salt diapirs.
The upper zone of the three part fluid system is dominated by free thermal convection often
associated with salt dissolution at the diapir crest (Wilson & Ruppel, 2007). Wilson & Ruppel (2007),
showed that thermohaline convection dominates only when salt dissolution is active and over time, when
salinity gradients stabilize, thermal convection again becomes the dominant groundwater driver. This,
accompanied by the high permeability sediments in the shallow groundwater zone shows that free
thermal convection is most likely the dominant groundwater driver over long periods of time and that
advection is the main heat transport process in shallow sediments both in deep-water and shallow water
settings, increasing temperatures adjacent to diapirs and decreasing temperatures in the basin (e.g. Seri
et al. 2016).
Overpressured fluids that range in salinity characterize the middle hydrogeologic zone (Osbourn
& Swarbrick, 1997; Alnes et al. 1998; Swarbrick et al. 2002; Hansom & Ming-Kuo, 2005; Steen et al.
2011). Overpressures are a rate dependent phenomenon and depend upon the rate and amount of fluid
volume change, fluid flow (into and out of the system), and the rate of pore space creation or reduction
(e.g. compaction, fracturing, cementation, etc., Mello & Karner, 1996; Osbourn & Swarbrick, 1997; Alnes
et al. 1998; Swarbrick et al. 2002; Hansom & Ming-Kuo, 2005). Fluid pressures throughout all of the
model runs remain hydrostatic, suggesting that thermal expansion of water alone is likely not responsible
for overpressures observed in basins like the Gulf of Mexico. Overpressures are closely related to
undercompacted horizons, which are characterized by increased porosity and, in turn, have been
interpreted to induce low thermal conductivities (i.e. act as a thermal barrier; e.g. Mello & Karner, 1996;
Osbourne & Swarbrick, 1997). When considering conductive heat transport this is an adequate
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interpretation, although when considering advective heat transport I come to the opposite conclusion.
Increases in porosity are roughly correlative with increases in permeability and thus would induce higher
fluid velocities, which would favor advective heat transport and could drastically alter the thermal structure
of undercompacted horizons.
Fluid advection during the initial stages of diapirism could help explain why we see high salinity
brines in deep reservoirs in the Gulf of Mexico (Steen et al. 2011). Early in the history of diapirism the
shallow dip of salt structures and the relatively high permeability of shallow sediments will favor advective
heat transport and increased fluid velocities. High fluid velocities would stimulate salt dissolution; creating
high salinity brines that would become trapped in the basal reservoir as diapirism continues and sealing
layers are deposited. As sediments become progressively buried through down-building, porosity and
permeability will decrease, and fluid velocity will decline, resulting in decreased dissolution over time and
eventually the stagnation of high salinity brines in deep reservoirs.

2.5 Conclusions
Salt rocks exert a significant control on the thermal structure of many sedimentary basins, creating
wide areas with abnormal temperature distributions and intricate fluid systems. These temperature
distributions are controlled by thermal conduction through the salt and enveloping sediments, and by
advecting warm waters near the salt and in the adjacent minibasins. The main controls on the thermal
structure of the basin are: (1) the permeability structure of the sediments, (2) the geometry of the salt
structure and (3) the structural evolution of the diapir and basin. In this paper I used numerical models to
investigate the first two of these controls. Simple permeability structure is examined by incorporating a
systematic change in permeability with depth, and by adding low permeability horizons at different depths
in the minibasin. Salt structural geometry is modeled by changing the homoclinal dip of a diapir margin.
Decreasing the dip of a salt-sediment interface induces advective heat transfer and the resulting fluid
circulation causes flow up the diapir flank. As dips increase, advection decreases and the thermal
structure is dominated by conduction. The presence of laterally continuous sealing layers in the minibasin
also decreases the overall effects of advective heat transfer. In the presence of these layers the fluid
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system becomes stratigraphically compartmentalized, and the salt chimney effect is dominated by
conduction. Systematic, depth-dependent permeability results in heat being advected up the diapir in a
narrower zone, with increased flow at the diapir margin. Cold waters are advected deeper into the basin
and the salt chimney effect is dominated by advection. In a model that combines all of these
characteristics, conductive heat transfer dominates in the basal units with advection affecting the middle
layers of the model and dominating in the upper units. Advection likely dominates in shallow sediments
with relatively high permeability.
This study suggests important changes in fluid system structure during diapiric evolution. As diapirs
grow they generally start as salt pillows or anticlines with shallow dipping flanks, and then evolve
vertically into more complex stocks, walls, and sheets that are all formed by increasing dips along the salt
sediment interface. When accompanied by the permeability reduction as sediments are buried, this
suggests that advection likely dominates in the early stages of diapirism when salt structures have
shallow dips and sediments reside at relatively shallow depths. As the salt structures mature into more
complex geometries, advection will diminish due to the increase in dip of the salt-sediment interface and
the increased hydraulic heterogeneity due to complex sedimentation. Despite the simplicity of these
models, the results of this work provide guidelines for interpreting the long-term thermal history and fluid
system evolution around more complex salt structures, offering a theoretical model to compliment other
techniques of investigation to improve our appraisals of source rock maturation, as well as hydrocarbon
migration and distribution in these structurally and stratigraphically complex settings.

CHAPTER 3
IMPACTS OF STRATIGRAPHIC ARCHITECTURE ON THE FRACTURE-CONTROLLED
PALEOHYDROLOGIC STRUCTURE SURROUNDING WITCHELINA DIAPIR: MEGAFLAP VS NONMEGAFLAP LESSONS

3.1 Introduction
3.1.1 Fluids Around Salt Structures
Salt structures are known to exert a significant control on fluid systems in sedimentary basins around
the world (e.g. The Gulf of Mexico, The Santos Basin, The North German Basin, The Kwanza Basin;
Posey & Kyle, 1988; Evans & Hanor, 1991; Esch & Hanor, 1995; Sarkar et al. 1995; Bruno et al. 2003;
Smith & Fischer, 2012; Serie et al. 2016). Fluids are known to accumulate adjacent to salt bodies in
complex structural and stratigraphic traps, migrate along the flanks of these structures and along or
across welds, as well as circulate in complex convection plumes within thick permeable horizons (e.g.
Evans & Hanor, 1991; McManus & Hanor 1993; Esch & Hanor, 1995; Banga et al. 2002; Bruno & Hanor,
2003; Magri et al. 2009a; Smith & Fischer, 2012; Serie et al. 2016). Due to the complex and variable
hydrologic behavior associated with salt diapirism, successful hydrocarbon exploration in these complex
settings relies on understanding the variables that affect the movement and distribution of hydrocarbons.
Salt is unique because it will deform under relatively low differential stresses (<10MPa), has a high
2

2

thermal conductivity (<6.5W/m K), and is virtually impermeable to fluid flow (permeability < 1E-19 m ;
Jeremic, 1994; Hudec & Jackson, 1994; Esch & Hanor, 1995; Hudec & Jackson 2007; Dooley et al. 2012;
Warren, 2016). The ductile nature of salt is linked to widespread salt diapirism and is accompanied by
multifaceted sedimentation and deformation (Hudec & Jackson, 1994; Hudec & Jackson 2007). The
mesoscopic deformation related to salt diapirism imposes a dramatic influence on the migration of fluids
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in the subsurface, creating seal bypass systems (e.g. Esch & Hanor, 1995; Serie et al. 2016), folds with
variable hydrologic properties (e.g. Alsop, 1996a,b; Yin et al. 2009; Evans & Fischer, 2012), and faultrelated compartmentalization or migration (e.g. Steen et al. 2011). Because salt is extremely soluble at
surface conditions, outcrop exposures of salt diapirs are relatively rare. Consequently, the majority of our
knowledge of salt diapirism is a result of analyzing seismic data or well log data and physical or numerical
models (e.g. Jackson & Talbot, 1991; Hudec & Jackson 2006, 2011; Steen et al. 2011; Peel, 2014;
Heidari et al. 2016; Serie et al. 2016; Canova et al. in review), although many features near salt and at
the reservoir scale, are still below seismic resolution.
The few published outcrop studies of salt-related paleofluid systems include Smith & Fischer, (2012)
who investigated the paleohydrologic structure (i.e. temperature, source, composition, and transport
pathways of fluids) of a secondary salt weld, and a few conference abstracts and Masters theses that
examined salt walls and diapirs (e.g. Hilgers et al. 2006; Smith, 2010; Kenroy, 2013; Vandeginste et al.
2013; Fleming 2015; Williams et al. 2016; Vandeginste et al. 2017). A wide variety of salt structural styles
have yet to be examined, and outcrop analogue studies can still provide robust datasets that catalogue
the range of mesoscopic deformation patterns and hydrologic behaviors encountered in these as yet,
undocumented settings. Such studies can be used to test predictions made from numerical modeling and
seismic investigations of salt tectonics.
Increased hydrocarbon exploration in basins like the deep-water Gulf of Mexico (GOM) and offshore
West Africa (Dusseault et al. 2004; Hearon et al. 2015a; Rowan pers. comm. 2016) have made it
important to understand the distribution and evolution of near-salt deformation. The complex structural
and stratal geometries that develop near salt in these and other basins, when combined with the large
seismic velocity differences between salt and siliciclastic/calcareous sediments and variable pore fluid
compositions, make seismic imaging of the near-salt environment extremely challenging. This further
emphasizes the need for field studies that document structural and stratigraphic features at scales of
meters to hundreds of meters. Understanding the stratal geometries and associated mesoscopic
deformation is critical to the risking of hydrocarbon prospects in these near-salt settings (Dusseault et al.
2004). Mesoscopic deformation can inhibit or enhance fluid flow, imposes a critical control on reservoir
architecture and trap configuration, and may influence hydrocarbon migration and seal continuity.
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Common structures linked to salt diapirism that have become prime areas of interest in the petroleum
industry are halokinetic sequences, megaflaps, and salt shoulders (Figure 3-1). Giles & Rowan, (2012)
define halokinetic sequences (HS) as unconformity bound packages of gradually thinned and folded
strata adjacent to passive salt diapirs. They further classify HS by their two end members: hooks and
wedges. When HSs stack stratigraphically they are termed composite halokinetic sequences (CHS) and
can be divided into tapered and tabular types (Giles & Rowan, 2012). HS and CHS are a product of
changes in diapir rise rate vs. sediment accumulation rate. Although halokinetic sequences have been
recognized for well over a decade, megaflaps have only recently been defined as a distinctive structural
style (Giles & Rowan, 2012; Graham et al. 2012). Rowan et al. (2016) define megaflaps as “a panel of
deep minibasin strata that extend far up the sides of a steep diapir or equivalent weld, extending for
multiple kilometers with bedding attitude ranging from vertical to completely overturned.” Some authors
indicate salt sheet advance as a necessity for megaflap formation (e.g. Callot et al. 2016), whereas others
(e.g., Rowan et al. 2016) claim that there is no significant correlation between salt sheet initiation and
megaflap formation. Which mode of formation actually occurs is important for understanding the
mesoscopic deformation and fluid system structure associated with megaflaps.
This paper investigates the paleohydrologic structure of two minibasins on opposite sides of the
Neoproterozoic Witchelina salt diapir that has been rotated and uplifted to expose an oblique cross
sectional map view. This unique setting allows detailed analysis of fractures and veins throughout a
primary minibasin, a megaflap, two salt shoulders, and a secondary minibasin associated with tertiary
welding (Figure 3-2; Hearon et al. 2015a, 2015b; Rowan et al. 2017). I combine mesostructural and
geochemical analyses to determine the large-scale paleohydrologic system around Witchelina diapir. I
document the fracture-controlled paleohydrologic system by first describing the abundance, timing, and
orientation of fractures in different stratigraphic and structural positions. I then determine the composition,
source, and temperature of paleofluids throughout the different minibasins. In addition to providing the
first mesostructural analysis of a megaflap, I aim to establish how stratigraphic architecture affects
mesoscopic deformation and the paleohydrologic system structure in the near-salt environment (i.e.
within 2 km of the diapir).
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Figure 3-1. General stratigraphic architecture associated with passive diapirism. Schematic cross
sections illustrating the end member stratigraphic geometries observed around passive diapirs. a.
Composite halokinetic sequences showing both Tapered CHS (bottom) and Tabular CHS (top). b)
Non-specific growth strata associated with passive diapirism. c. Megaflap, basal strata extend far up
the flank of the diapir (Modified after Rowan et al. 2017).

Figure 3-2. Geologic map of Witchelina diapir in South Australia. Colors correspond to the stratigraphic column in Figure 3-4 (redrafted from
Ganaway, 2017).
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3.2 Geologic Setting
3.2.1 The Flinders and Willouran Ranges
The Willouran Ranges of South Australia form a northwestern extension to the Flinders Ranges,
and are located approximately 560 km north of Adelaide (Figure 3-3). The Flinders Ranges, Willouran
Ranges, Mount Lofty Ranges, and Peak and Denison Ranges comprise a north-south trending tectonic
province that has been referred to as the Adelaide geosyncline, the Adelaide fold and thrust belt, and the
Adelaide Basin (Sprigg, 1952; Scheibner, 1973; Jenkins, 1990; Preiss, 2000). The Flinders Ranges are
bounded on the west by the north-south trending Torrens hinge zone and the Gawler Craton and on the
east by faults and the undeformed Curnamona Province and Murray Basin (Figure 3-3). The geologic
record indicates that the Adelaide fold belt initiated either as a rift or aulacogen between the Gawler
Craton and the Curnamona Province (Sprigg, 1952; von der Borch, 1980; Preiss, 1980). Rifting is
believed to have initiated at around 1000 – 827 Ma, occurring in five cycles throughout the
Neoproterozoic as Laurentia separated from Australia, creating highly segmented northwest-southeast
trending basins as a result of northeast-southwest extension (Preiss, 2000). After initial rifting and basic
volcanism the Callanna Group evaporites were deposited throughout these basins, followed by a thick
succession of marine – non-marine strata (Murell, 1977). Murrell (1977) further suggested that the Burra
Group rocks in the Willouran Ranges were deposited in one of these northwest-southeast segmented
basins that was < 50 km wide.

3.2.2 Salt Tectonics in the Willouran Ranges
Hearon et al. (2015a) described the structural and stratigraphic geometries surrounding
Witchelina diapir, and used current salt tectonic models to devise an evolutionary model summarizing
diapir development throughout the Neoproterozoic and into the Cambrian (Figure 3-4 and Figure 3-5).
Sedimentation began around 850-800 Ma with the nonconformable deposition of an unknown thickness
of Callanna Group Breccia over Archean and Mesoproterozoic crystalline basement within segmented
northwest-southeast trending basins (Murrel, 1970; Forbes, 1990; Preiss, 2000; Hearon et al. 2015a). In
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Figure 3-3. Major geologic provinces and Delamerian structures of South Australia. The location of this
study is within the red box (redrafted from Preiss, 1987; and Hearon et al. 2015a).
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Figure 3-4. Generalized Neoproterozoic stratigraphy of the eastern Willouran Ranges (redrafted from
Hearon et al. 2015a, Gannaway, 2017).
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Figure 3-5. Generalized evolution of Witchelina diapir in the Willouran Ranges. Colors correspond to
the stratigraphic column in Figure 3-4 and the geologic map in Figure 3-2 (redrafted from Hearon et al.
2015a).
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the Willouran Ranges the Callanna Group breccia is characterized by highly brecciated to commonly
layered siliciclasitc, carbonate, and mafic intrusive to volcanic rocks, originally interbedded with
evaporites. There is currently no salt exposed at the surface today although there are abundant halite
casts (i.e., salt hoppers), pseudomorphs of evaporite minerals (e.g. gypsum, scapolite, shortite), and salt
has been encountered in drill holes near Beltana diapir (Rowlands et al. 1980; Preiss, 2000; Rowan &
Vendeville, 2006; Hearon et al. 2015a,b; Rowan et al. 2017).
Hearon et al. (2015a) used minibasin scale stratal thinning and onlap of the lower Emeroo
subgroup at the base of the Burra and Delusion minibasins to interpret that salt diapirism initiated
immediately after salt deposition (Figure 3-5). Subsequently, deposition of the Witchelina Quartzite
resulted in flank collapse of the Burra minibasin adjacent to Witchelina diapir, forming an expulsion
rollover geometry with a dramatic shift from a broad pillow to a steeper diapir. During this time continued
onlap and subsidence, along with periodic erosion of the diapir crest, resulted in the formation of a
halokinetic megaflap (pers comm. E. Ganaway, 2017).
Diapirism continued through the time of deposition of the Camel Flat Shale and Twenty Mile Hill
Formation, which is marked by a basin-wide transgression and successive depocenters shifting laterally
towards Witchelina diapir, progressively rotating minibasin strata to a near vertical position (Figure 3-5b).
The Twenty Mile Hill Formation formed a thick roof over Witchelina diapir before allochthonous salt
breakout occurred via piston-like uplift on the northwestern flank of Witchelina diapir during Old Mount
Norwest time. The salt appears to have broken through the roof slightly back from the diapir margin thus
preserving and dramatically folding carapace strata, creating a small salt shoulder on either side of the
diapir. A thick canopy of salt enveloped the Burra minibasin while minibasin-scale differential subsidence
and deposition continued in the Delusion minibasin in a back barrier bar setting (Hearon et al. 2015a,b;
Gannaway pers comm. 2016).
After allochthonous salt breakout and the development of a complex salt canopy, deposition of
the Myrtle Springs Formation took place within a secondary, or supra-salt minibasin above the primary
Burra minibasin (Figure 3-5d, e and f). In the Delusion minibasin the Myrtle Springs Formation was
deposited relatively conformably on top of the Camel Flat Shale, and abuts the salt interface at almost
90°, suggesting nearly equal rates of passive salt rise and sediment accumulation. Deposition of the

38
Umberatana Group was also rather conformable in the Delusion minibasin, although a possible
disconformity may exist between the Myrtle Springs Formation and Umberatana Group (Hearon et al.
2015a). On the Burra minibasin side, diapiric breccia clasts occur within onlapping beds of Lower
Umberatana Group strata, suggesting the diapir was partially exposed and eroded during this time
(Hearon et al. 2015a). Eventually, deposition of the Umberatana Group spread across the entire salt
canopy and the canopy was buried (Figure 3-5h).
The present outcrop exposure is shown in the geologic map in Figure 3-2 and can be attributed
to tilting and deformation during the Delamerian Orogeny. The Delamerian Orogen separates Paleozoic
and Mesozoic orogens in east Australia from the Precambrian cratons in the west. Several prominent
folds formed in association with the Delamerian Orogeny, most notably the Witchelina syncline was
rotated around the fold axis, decreasing the interlimb angle and wavelength, and increasing the amplitude
of the fold. This rotation is indicated by a change in syncline geometry between the Twenty Mile Hill and
Old Mount Norwest Members, and lack of synclinal thickening in the Old Mount Norwest Member. For a
more detailed discussion on the evolution of salt diapirism in the Willouran Ranges the reader is referred
to Hearon et al. (2015a, b).

3.2.3 The Delamerian Orogeny and Uplift of the Flinders Ranges
The Delamerian Orogeny is believed to have commenced at about 514 ±3 Ma, although some
authors have dated deformation cleavage as early as 554 ±10 Ma (Jenkins & Sandiford, 1992; Foden et
al. 1999; Turner et al. 2009). Subduction continued until about 490 ±3 Ma, ending suddenly with rapid
uplift, and post-tectonic magmatic intrusions in the south (Foden et al. 2006; Rowan & Vendeville, 2006).
Subduction is thought to have resulted from stress transfer to the trailing edge of the newly assembled
Gondwana supercontinent and was driven by ridge-push forces transmitted to westward dipping
subduction (Foden et al. 2006). Subsequently, slab rollback occurred around 490 Ma as the new slab
foundered at the transition zone (~650km) resulting in the abrupt termination of subduction (Foden et al.
2006; Rowan & Vendeville, 2006). Deformation throughout the Flinders Ranges was initially attributed to
two or sometimes even three distinct phases of deformation (Offler & Fleming, 1968; Richert, 1976; Berry
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et al. 1978; Preiss, 1987b, 1989). Early north-northwest directed shortening was thought to have been
followed by east-west directed shortening (Preiss, 1987, 2000; Drexel & Preiss, 1995). Rowan &
Vendeville (2006) challenged this multi-phase interpretation of the Delamerian Orogeny, and instead
suggest that the pre-existing salt diapirs locally reorganized and reoriented contractional strain during
Delamerian shortening, focusing deformation in the weak, pre-existing diapirs while the competent
minibasins remained relatively undeformed. This interpretation is supported by seismic examples in the
GOM and physical models that show minibasins above salt readily rotating about vertical axes during
horizontal shortening (Rowan & Vendeville, 2006). Therefore, the present day map-scale structures
observed throughout the Flinders Ranges are likely a result of complex deformation, metamorphism, and
multi-directional crustal shortening, with the preexisting diapiric structures acting as structural
culminations that locally reoriented and focused strain.
The present topography of the Willouran and Flinders Ranges is attributed to a combination of the
Delamerian Orogeny (i.e. McLaren et al. 2002) and neotectonic uplift (e.g. Celerier et al. 2005). Cooling
ages in hornblende and micas require a minimum of 6-7 km of denudation since about 330 Ma, indicating
that the Flinders Ranges were once a prominent mountain range (McLaren et al. 2002). Since then the
Flinders Ranges have remained tectonically quiescent until about 6 Ma, when coupling of the Australian
and Pacific plate resulted in increased seismicity and reactivation of Proterozoic structures, causing an
episode of neotectonic block uplift that is referred to as the Sprigg Orogeny (Celerier et al. 2005).
Subsequent erosional etching over the past 6 Ma carved the intricate drainage networks throughout the
Flinders Ranges, exposing the Neoproterozoic minibasins (Celerier et al. 2005).

3.3 Methodology to Decipher the Fracture-Controlled Paleofluid System
I focused on systematic fracture sets observed throughout the Burra, Delusion, and Myrtle
Springs minibasins. Fracture generations are dominantly opened via mode 1, although some minor faults
are present within the megaflap section. Opening style was confirmed with field and petrographic
evidence (e.g. offset of pre-existing elements, fibrous, blocky, or elongate blocky crystal habit with the
long axis of crystals oriented normal to the vein wall). More than 650 vein/joint orientation data were

Figure 3-6. Geologic map of Witchelina diapir with field stations. Field station locations shown by white circle. The rectangles show the
spatial distribution of the different analyses conducted on samples from each station. The stereoplot shows the poles to bedding of the
Twenty Mile Hill Member salt shoulder (i.e. Hookie Lau). The station number is written next to the respective dot. See Figure 3-4 for regional
stratigraphic column and unit colors.
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collected at 47 stations in different formations and at strategic structural positions on either side of
Witchelina diapir (Figure 3-6). I established a total of 18 field stations throughout the Delusion minibasin
and a total of 29 stations in the Burra minibasin to evaluate how the stratal architecture and salt diapirism
affected mesoscopic deformation, fracture network development, and paleofluid system evolution in the
near salt environment. Fracture networks throughout the Willouran Ranges are best exposed in
significant drainage channels.

3.3.1 Petrographic and Geochemical Analysis of Veins and Host-Rock Cements
I collected host rock samples as well as vein quartz and dolomite from a variety of stratigraphic
and structural positions (Figure 3-6). I used a combination of thin section petrography, scanning electron
microscopy, fluid inclusion microthermometry, and stable isotopes of oxygen from quartz and carbon and
oxygen from dolomite to constrain the geochemistry of the fluids from which the quartz and dolomite
precipitated.
Petrographic observations were conducted with an Olympus BX50 microscope on thin sections
made from representative systematic veins collected at each field station. I used observations of vein
crystal texture and quartz microstructures to determine the paragenetic history of vein cements, the
relative degree and temperature of deformation, and to constrain the mode of fracture wall displacement.
Scanning electron microscopy was conducted at Northern Illinois University on a Jeol JSM5610LV Scanning Electron Microscope (SEM) with an attached Thermo Scientific UltraDry Silicon Drift
Detection EDS. I used secondary electron imaging (SEI) with a magnification of 35x and an accelerating
voltage of 20kV as well as the software package Pathfinder by Thermo Scientific to analyze the data
collected. I used a SEM to confirm petrographic observations, determine dolomite and quartz chemistry,
and identify ambiguous minerals and oxides that occur around Witchelina diapir.
Fluid inclusions were analyzed in both quartz and dolomite using a Meiji MT9920 petrographic
microscope and a Linkam THMSG600 fluid inclusion stage. Fluid inclusion thick sections (50 – 150µm
thick), as well as cleavage plates, were made from samples that showed good evidence for many large
(>10 micron) fluid inclusions during the initial petrographic analysis. Two-phase and three-phase
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inclusions were cooled to -100°C to observe the freezing temperature (Tfr), and then slowly warmed to
observe final ice melting temperature (Tmice), homogenization within the carbonic phase (Tcarb), and total
homogenization of the carbonic phase (Th). Although many fluid inclusions were observed,
microthermometry proved to be minimally informative due to fluid inclusion decrepitation likely associated
with the recrystallization of quartz and the re-equilibration of inclusions (Vityk et al. 1994; Vityk & Bodnar,
1996).
I used a Finnigan MAT253 Mass Spectrometer connected to a Gas Bench II at Northern Illinois
18

13

University to measure the δ O and δ C of dolomite in 18 vein and host-rock hand samples that showed
significant quantities of dolomite (>25% by area) in thin section. Two powder samples were extracted
from each hand specimen, yielding a total of 36 powders. I analyzed samples using the acid digestion
method from Crowley et al. (2008) and the fractionation factor for dolomite from Sharma & Clayton
(1965). Between 0.1 – 0.2mg were placed in borosilicate sample vials and reacted with 103% phosphoric
acid for 100 hours at 25°C to ensure that all the dolomite was fully reacted. Calcite standards were
similarly reacted for 24 hours and 100 hours to evaluate if samples may have leaked over the reaction
time; no leakage was detected. Measurements are reported in per mil (‰) relative to the Vienna Pee Dee
Belemnite (VPDB or PDB) for carbon and for oxygen. I used standards NBS-18 and NBS-19 periodically
throughout the study to correct measurements. Over the course of this study, 9 analyses of NBS-18
18
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resulted in an average δ O value of -23.20‰ ±0.18 (VPDB), and an average δ C value of -5.01‰ ±0.11
18

(VPDB), and 9 analyses of NBS-19 resulted in an average δ O value of -2.20‰ ±0.16 (VPDB) and an
13

average δ C value of 1.95‰ ±0.15 (VPDB).
Oxygen isotope analyses on quartz veins were conducted by the laser fluorination method
(Sharp, 1990; Dodd & Sharp, 2010). Whole quartz veins were isolated from the host rock and crushed in
a crushing mill. Crushed grains were placed in plastic vials and reacted with 37.5% nitric acid for 4 hours
at room temperature (~25°C) to remove any metal oxides that may have been on the sample (i.e. iron or
manganese oxides). The powders were rinsed three times with deionized (DI) water and then reacted
with 37.5% HCl for 12 hours at 65°C to completely remove any dolomite that may have been present.
After the HCl bath the powders were rinsed three more times with DI water and left to dry in an oven at
65°C for 24 hours. Between one and two milligrams of each sample were weighed out and placed in a
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nickel sampling tray for isotopic analysis. Quartz samples are reacted with BrF5 and warmed with a CO2
laser to produce SiF4 and O2 gas. The gas is filtered through a series of liquid nitrogen cold traps and
warm salt traps to isolate O2 gas from the incondensables (i.e., Br and F compounds). The O2 is then
transferred cryogenically by adsorption onto a zeolite trap. The zeolite trap is warmed and the O2 gas is
transferred to another zeolite trap via cryogenic adsorption. The zeolite trap is then warmed and the O2
gas is expanded into a dual bellows system. A reference gas (O2) and the sample are expanded into the
inlet of a Finnigan MAT-253 mass spectrometer via continuous flow dual inlet mode bellows where the O2
18

gas is analyzed for the δ O value of the initial quartz (SiO2). All measurements are reported in per mil
(‰) relative to VSMOW. An internal standard (NIU-1) and international standard (NBS-28) were run
periodically throughout the analysis to correct measurements via a two point moving average.
18
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Measurements of NBS-28 yielded a δ O value of 9.6‰ ±0.5, and NIU-1 yielded a δ O value of 18.2‰
±0.3, which are within the standard error of the long-term average measurements for both standards.

3.3.2 Identification of Fractures
Using fracture sets to reveal the deformation history of folded strata is a well-established and
powerful tool, although its application in near salt environments has been limited due to the poor
exposure of salt rocks at the surface (Bergbauer & Pollard, 2004; Lacombe et al. 2012; Smith & Fischer,
2012; Quinta et al. 2012; Beaudoin et al. 2015). Fracture sets are commonly defined as populations that
share a common deformation mode, similar orientation relative to local bedding, and consistent
chronologic relationships (Fischer et al. 2012; Quinta et al. 2012; Beaudoin et al. 2015). At each station
fractures were measured using Midland Valley’s FieldMove Clino™ app with an IPhone 6s and a
Samsung Galaxy S5 accompanied by a Brunton Pocket Transit to systematically verify measurements
made with the smart phones. Physical properties (i.e., spacing, vertical persistence, and aperture) were
visually estimated at each station and linear scan lines were conducted on adequate exposures to
estimate the maximum percent extension in various formations. Cross-cutting relationships observed at
field stations are used to determine the relative timing of different fracture sets, the mode of deformation,
and fracture kinematics.
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3.4 Fracture System Observations and Interpretations
3.4.1 Fracture Sets and Observations in the Delusion Minibasin
Fractures throughout the Delusion minibasin occur in well-cemented quartzites or sandy
dolomites and dominantly exhibit mode-1 fracture wall displacement. Shale-rich lithologies are poorly
outcropping and rarely have exposed fracture networks. To facilitate comparison and analysis, I
categorized the fractures with respect to their structural position along Witchelina diapir (Figure 3-7 and 39). The Top Mount Sandstone, Williwalpa Formation, and Witchelina Quartzite represent non – specific
growth strata associated with primary diapirism, and are classified as growth strata I (Figure 3-7).
Fractures throughout this section can be subdivided based on their orientation with respect to bedding
into (1) strike-parallel and (2) cross-strike fractures. Strike-parallel factures represent diapir-normal
fractures or radial fractures. Strike-parallel fractures extend for up to 20 m and have apertures of up to
7cm. Some strike-parallel fractures show shear structures (e.g. pinnate fractures, and fibrous veins that
are oblique to the vein wall) representing NW-SE oriented shortening. Cross-strike fractures represent
concentric or diapir-parallel fractures. Cross-strike and strike fractures show inconsistent timing relations
indicating semi-contemporaneous formation. Concentric fractures represent up to 10% localized
extension in the Top Mount Sandstone. There are very few mineralized fractures in the basal Witchelina
Quartzite with the exception of a few large bed-parallel veins that occur about 300 m from the diapir
(station DB08). These veins are 2 m or more in aperture and up to 20 m long. A large, lens or pod-shaped
outcropping of milky white quartz occurs in the upper Witchelina Quartzite (station DB07) with a cross
2

sectional area of almost 1 km (Figure 3-8). The northwestern end of the quartz pod pinches out along
with the local stratigraphy while the southeastern end of the pod terminates abruptly in a prominent
drainage channel. In general, fracture intensity and mineralization decrease away from the diapir, along
with the abundance of vein dolomite.
I classify the strata above the Camel Flat Shale as growth strata II (Figure 3-9); these units are
equivalent to the growth strata II in the Burra minibasin. Fractures in this section tend to have smaller
apertures and the dominant orientation is oblique to the salt-sediment interface. There are still crossstrike and strike-parallel fractures (i.e. concentric and radial), but there are also two sets of strike-
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Figure 3-7. Fracture characteristics in growth strata I. (a) Schematic structural restoration of Witchelina
diapir showing the units that were structurally classified as growth strata I. (b) Fracture characteristics
and outcrop photos. Colors match those on the geologic map and in the stratigraphic section in Figure
3-4. Stereoplots: equal area, lower hemisphere projections of fractures in their present day position
(unrotated), 1% area contours with a contour interval of 2. Bedding, bold great circle; average fracture
set, solid great circle; fracture network photo from the station in bold. See Figure 3-6 for the location of
each data station.
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Figure 3-8. Satellite imagery of stations DB07 and DB08. (a) General map of the large quartz pods
observed at station DB07 and bed-parallel veins at station DB08. The pod generally parallels
stratigraphy and pinches out to the northwest. Blue arrow indicates where the photo was taken. (b)
Outcrop photo of station DB07 with a person as scale. The large white hill in the foreground is
composed predominantly of quartz with minor euhedral dolomite.
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Figure 3-9. Fracture characteristics in growth strata II. (a) Schematic structural restoration of
Witchelina diapir showing the units that were structurally classified as growth strata II. (b) Fracture
characteristics and outcrop photos. Colors match those on the geologic map and in the stratigraphic
section in Figure 3-4. Stereoplots: equal area, lower hemisphere projections of fractures in their
present day position (unrotated), 1% area contours with a contour interval of 2. Bedding, bold great
circle; average fracture set, solid great circle; fracture network photo from the station in bold. See
Figure 3-6 for the location of each data station.
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oblique fractures, one which is a conjugate to the strike set and a strike-oblique set that occurs closer to
the diapir margin. The cross-strike and strike-oblique fractures commonly offset strike-parallel veins
indicating that the strike-parallel veins formed first (Figure 3-9). Fractures are commonly mineralized with
quartz and dolomite although the abundance of both quartz and dolomite diminishes away from the diapir,
along with the intensity of fracturing. No systematic fracture networks were exposed in the Old Mount
Norwest Formation or the Myrtle Springs Formation. Figure 3-10 shows the general distribution of
fractures in Delusion minibasin (non-megaflap).

3.4.2 Fracture Sets and Observations in the Burra Minibasin (Megaflap)
Systematic fractures throughout the Burra minibasin are exposed in quartz- and dolomite-rich
stratigraphic horizons and can be categorized based on their structural position with respect to Witchelina
diapir. The stations in the Williwalpa Formation at the base of the megaflap and the secondary, Myrtle
Springs minibasin strata all represent supra-salt or supra-weld positions (Figure 3-11). Fractures in these
sections are characterized by two sets of strike-oblique fractures where the angle between the fracture
o

planes is approximately 77 degrees. One set of strike-oblique fractures commonly has apertures ranging
from 20-50cm and is filled with milky white quartz. These fractures are spaced every 0.5 – 1 m throughout
the Williwalpa Formation and the secondary Myrtle Springs minibasin. Minor amounts of pyrite are
present in veins directly above Weld G (Figure 3-6). The aperture of the other set of strike-oblique
fractures is significantly smaller (1-3 cm) and they often abut the primary set, but overall the cross-cutting
relationships are inconsistent. Strike-parallel fractures in the Myrtle Springs minibasin are commonly
mineralized with quartz and dolomite; otherwise dolomite is relatively rare throughout these vein sets.
The Witchelina Quartzite comprises megaflap strata that have been rotated to a near vertical
position and dramatically thin onto the diapir crest. Fractures throughout this section can be separated
into two dominant sets: strike-parallel and cross-strike (Figure 3-12). To facilitate comparison and
analysis I divided the megaflap into three sections: upper, middle, and lower (Figure 3-12). Strike-parallel
fractures represent diapir-normal, or radial fractures. Strike-parallel fractures are almost never mineralized
and are not present in the upper megaflap section. Cross-strike fractures cluster closely in both strike

49

Figure 3-10. General distribution of fracture sets in the Delusion minibasin. Radial and concentric
fractures dominate in growth strata I but are offset by a later set of regional fractures in growth strata
II. Inset map shows the stratigraphic architecture of the Delusion minibasin. Radial and concentric
refer to the geometry of the fractures when the diapir was in its original, upright position.
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Figure 3-11. Fracture characteristics in supra-salt positions. (a) Schematic structural restoration of
Witchelina diapir showing the units that were structurally classified as supra-salt. (b) Fracture
characteristics and outcrop photos. Colors match those on the geologic map and in the stratigraphic
section in Figure 3-4. Stereoplots: equal area, lower hemisphere projections of fractures in their
present day position (unrotated), 1% area contours with a contour interval of 2. Bedding, bold great
circle; average fracture set, solid great circle; fracture network photo from the station in bold. See
Figure 3-6 for the location of each data station.
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Figure 3-12. Fracture characteristics in the megaflap. (a) Schematic structural restoration of Witchelina
diapir showing the units that were classified as megaflap strata. The megaflap strata were further
classified based on structural position along the megaflap (e.g. upper, middle, lower). (b) Fracture
characteristics and outcrop photos. Colors match those on the geologic map and in the stratigraphic
section in Figure 3-4. Stereoplots: equal area, lower hemisphere projections of fractures in their
present day position (unrotated), 1% area contours with a contour interval of 2. Bedding, bold great
circle; average fracture set, solid great circle; fracture network photo from the station in bold. See
Figure 3-6 for the location of each data station.
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and dip while the concentric fractures vary widely in strike. Mineralization is extremely rare in the lower
megaflap section and fractures extend for 10s of meters, creating orthogonal blocks with no consistent
cross-cutting relationships.
In the middle megaflap cross-strike and strike-fractures cluster closely in both strike and dip.
Cross-strike fractures are sometimes mineralized with milky white quartz and the mineralization of
fractures becomes more common towards the upper megaflap. A minor set of strike-oblique fractures is
present in this section and they abut against the cross-strike and strike set, indicating that they formed
later. Most fractures indicate mode 1 opening although there are many shear features throughout this
section. At station MF16 and MF25, small, curviplanar fractures occur within stratigraphic packages
where the top of the fracture is perpendicular to bedding and the bottom of the fracture becomes parallel
to bedding (Figure 3-13). This indicates bed parallel slip and a top block to the north-northeast sense of
shear. Minor shear zones with a similar sense of motion occur in more shaley horizons at station MF16
(Figure 3-13). At station MF26 minor faults and en echelon fractures show a north block down sense of
motion and en echelon fractures extend bedding in a northwest-southeast direction (Figure 3-14).
In the upper megaflap fracturing is dominated by cross-strike or concentric fractures with shear
structures concentrated in the lower portions of the upper megaflap. Mineralization is common in the
cross-strike fractures throughout this section. At station MF14 en echelon fractures with apertures up to 4
cm, quartz crystals whose long axis is perpendicular to the vein wall forming a comb texture, and
significant open space within the fractures, extend bedding in a NW – SE direction by up to 7%
(calculated from a 15m long, linear scanline oriented perpendicular to the fractures along a bedding
plane; Figure 3-11). Adequate exposures for fracture analysis are rare in the upper megaflap and only
occur in well-eroded drainage channels. Mineralization generally increases towards the top of the
megaflap along the salt-sediment interface and is dominantly restricted to cross-strike fractures. The
general orientation and location of shear structures, faults, and fractures throughout the megaflap section
is shown in Figure 3-15.
The growth strata II represent non-specific growth strata similar to those found in the Delusion
minibasin (Figure 3-16). Fractures throughout this section can be separated into a cross-strike set and a
very shallowly-dipping strike-oblique set (i.e. concentric and radial). Cross-strike, and the shallowly
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Figure 3-13. Outcrop photos of shear structures observed in the middle megaflap section. (a) Shear
fractures with the top of the fracture truncating along the bedding plane and the bottom of the fracture
curving to become parallel to the bedding plane, indicating a top block to the northeast sense of
motion and along bedding slip. (b) Shear zone showing a top block to the northeast sense of motion.
(c) Curviplanar fractures at station MF25 showing a top block to the northeast sense of shear.
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Figure 3-14. Outcrop photos of shear veins observed in the megaflap section. (a) En echelon veins
with open space on a bedding plane showing along bedding extension and a top to the southeast
sense of motion. (b) Small scale faults and en echelon veins on a bedding plane showing a north
block down sense of motion, photo taken looking east.
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Figure 3-15. Schematic megaflap deformation. (a) Geologic map of Witchelina diapir showing the
structural domains of the megaflap section. (b) Schematic, 3-D block diagram of the Witchelina
diapir megaflap showing the relative orientation of fractures (red), and faults (black), observed in
the different structural domains. (1) En echelon veins that extend bedding down the flank of the
megaflap. (2) En echelon fractures extending bedding in an oblique orientation, but still down the
flank of the megaflap. (3) Faults that extend bedding in a circumferential direction. (4) Curviplanar
fractures that become parallel to bedding planes. Faults are concentrated in the upper middle
megaflap section. Radial and concentric refer to the geometry of the fractures when the diapir was
in its original, upright position.
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Figure 3-16. Fracture characteristics in growth strata II (megaflap). (a) Schematic structural restoration
of Witchelina diapir showing the units that were classified as growth strata II. (b) Fracture
characteristics and outcrop photos. Colors match those on the geologic map and in the stratigraphic
section in Figure 3-4. Stereoplots: equal area, lower hemisphere projections of fractures in their
present day position (unrotated), 1% area contours with a contour interval of 2. Bedding, bold great
circle; fracture, solid great circle; fracture network photo from the station in bold. See Figure 3-6 for the
location of each data station.
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dipping-strike oblique fractures are commonly filled with dolomite and quartz with apertures frequently
around 3 cm and inconsistent timing relationships, although they do indicate along-strike and across
strike extension. On both sides of the small shoulder at the top of the megaflap, fractures occur parallel
and perpendicular to the fold axis, indicating that the fractures likely formed in association with folding.

3.4.3 Petrographic Observations
The characteristic microstructures, vein crystal morphology, and paragenetic trends observed
throughout the different structural domains are shown in Figure 3-17 and 3-18. In the Delusion and Burra
minibasins, quartz veins are dominantly pure mode I, syntaxial veins with blocky to elongate blocky
crystal morphology, growth competition, and occasionally systematic coarsening towards the vein center,
indicating fractures were open and then filled with no evidence for multiple crack seal events (Laubach,
2003; Bons et al. 2012). Additionally the large apertures of most veins and crystal morphology indicates
that fractures were most likely open prior to vein mineral precipitation (Laubach, 2003)
In the Delusion minibasin quartz veins in growth strata I display bulging recrystallization (BLG),
subgrain rotation (SGR), and minor recrystallization along grain boundaries (Figure 3-17). SGR
recrystallization is most common within 500 m of the diapir and transitions to dominantly BLG
recrystallization near the center of the minibasin. Stipp et al. (2002) showed that SGR and BLG are
commonly associated with temperatures around 400-700°C depending upon the strain rate. The
decrease of microstructure intensity indicates that either deformation was concentrated along the diapir
margin and decreased further into the minibasin, or that temperatures near the diapir were higher (Stipp
et al. 2002). The observed microstructures indicate low greenschist grade metamorphism and the intense
deformation of quartz veins indicates that they were likely emplaced before or very early in relation to
Delamerian deformation and metamorphism.
Dolomite in the Delusion minibasin shows sweeping undulose extinction and minor subgrain
formation with some grains showing one, two, and occasionally three sets of twins (Figure 3-17).
Dolomite is occasionally euhedral with curved crystal faces, but more commonly has inclusions of quartz,
cusp and carry texture and fills fractures in quartz grains (Figure 3-17). In the growth strata II quartz
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Figure 3-17. Vein photomicrographs, Delusion minibasin. Photomicrographs of veins from the
Delusion minibasin taken in crossed polarized light. Photos show the characteristic microstructures
from each structural position. Sample numbers on photomicrographs correlate to stations on the
geologic map. (a) Cusp and carry textures with inclusions of deformed quartz in dolomite. (b) Cusp
and carry texture with euhedral dolomite and quartz with undulose extinction. (c) Quartz and dolomite
vein with quartz lining the vein wall. (d) Quartz showing growth competition along the vein wall and
relatively little deformation. (e) Relatively undeformed quartz infilling dolomite cleavage. (f) Quartz vein
with relatively little deformation. See text for interpretation and discussion of relevant microstructures.
See Figure 3-6 for station locations
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Figure 3-18. Vein photomicrographs Burra minibasin. Photomicrographs, taken in crossed polarized
light, of veins from the Burra minibasin. Photos show the characteristic microstructures from each
structural position. Sample numbers on photomicrographs correlate to stations on the geologic map. a.
Quartz with undulose extinction and subgrain formation with dolomite infilling small cracks. b. Dolomite
and quartz in a vein. c. Euhedral pyrite with inclusions of quartz. d. Dolomite and highly deformed
quartz. e. Dolomite with 3 sets of twins and highly deformed quartz showing undulose extinction and
subgrain formation. f. highly deformed quartz showing recrystallization along grain boundaries
undulose extinction and subgrain formation. g. Highly deformed quartz with subgrain formation and
undulose extinction. h. Relatively undeformed quartz with deformation lamellae developing along grain
boundaries. i. Quartz vein showing growth completion and an increase of grain size towards the center
of the vein. See text for interpretation and discussion of relevant microstructures. See Figure 3-6 for
station locations.
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shows similar microstructures and textural relationships with dolomite (Figure 3-17). Quartz grains with
little deformation occasionally fill fractures in dolomite (Figure 3-17) although this texture is relatively rare.
The sweeping undulose extinction observed in the dolomite is characteristic of saddle dolomite which is
thought to be precipitated from hydrothermal fluids at or above ~75°C (Land, 1985; Warren, 2000). The
abundance of dolomite in veins decreases away from the salt sediment interface.
In the Burra minibasin microstructures in quartz roughly correlate with structural position. In the
basal strata and secondary minibasin strata, quartz veins display BLG and SGR (Figure 3-18). In the
megaflap, dolomite is completely absent and microstructures in quartz are characterized by BLG, SGR,
and grain boundary migration (GBM; Figure 3-18). GBM is only present in the middle and upper portions
of the megaflap where halokinetic packages in the Witchelina quartzite terminate against the diapir. The
higher order microstrcutures found in the upper megaflap are either a result of increased strain during
Delamerian deformation of the megaflap strata, or increased temperatures near the salt diapir (Figure 318; Stipp et al. 2002). Veins in the basal megaflap section show minor deformation lamellae along planar
grain boundaries with very little evidence for undulose extinction, indicating low strain rates and lower
temperatures than on the Delusion minibasin side of the diapir. Microstructures generally show increased
deformation as you travel up the flank of the diapir and show the highest order microstructures towards
the top of the megaflap, and within the termination of halokinetic packages in the Witchelina Quartzite.
Dolomite in the secondary minibasin is commonly cloudy and shows up to 3 separate twinning
directions and sweeping undulose extinction. In the growth strata II, dolomite is very similar to that found
in the Delusion minibasin and has common atolls, cusps, and carry textures and has many inclusions of
quartz. Pyrite is present in the secondary minibasin and shows unique atoll textures with quartz occurring
in the core of the pyrite crystals (Figure 3-18c).

3.4.4 Scanning Electron Microscopy (SEM)
I conducted scanning electron microscopy utilizing an EDX system at Northern Illinois University
to confirm petrographic observations, the presence of dolomite and relative Mg – Ca ratios, and
investigate whether trace elements (i.e. Fe, Mn, Ti) varied over the field area. Results showed that quartz
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is pure SiO2 with no other trace elements detected. Dolomite shows a relatively uniform distribution of Ca
and Mg, occasionally displaying linear zones rich in Mg or Ca, characteristic of saddle dolomite (Warren,
2000). Most of the dolomite shows trace amounts of iron although it is near the detection limit of the SEM
(~1 wt%; Kuisma-Kursula, 2000) and thin section staining did not reveal feroan dolomite or calcite (Reid,
1969). Dolomite in the secondary minibasin showed trace amounts of Mn and Fe. Pyrite was identified in
the secondary minibasin and is coeval with quartz precipitation, with blebs of quartz preserved inside
euhedral pyrite crystals. Euhedral rutile crystals that predate vein formation were identified in the Delusion
minibasin at station DB04 although they are only locally present.

3.4.5 Paragenesis of Veins Around Witchelina Diapir
The general paragenetic sequence of vein filling minerals around Witchelina diapir is summarized
in Figure 3-19. An initial generation of quartz filled fractures throughout the different structural positions,
sometimes containing minor amounts of sulfides or oxides. Quartz precipitation continued and overlapped
with dolomite precipitation for some period of time until quartz precipitation ceased with mineralization
continuing as predominantly hydrothermal dolomite. Following dolomite and quartz precipitation hematite
and other iron oxides were precipitated in microcracks and secondary fractures within the dolomite/quartz
veins. Overall the paragenetic sequence described here is consistent throughout the field area; although
minor second generations of quartz and dolomite are present, they are rare and likely associated with
recrystallization.

Figure 3-19. General paragenetic sequence. A schematic graph showing the sequence of vein filling
cements around Witchelina diapir, showing the mineral on the y-axis and time on the x-axis.
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3.5 Fluid System Observations and Interpretations
I use a combination of thin section petrography, fluid inclusion microthermometry, and stable
isotopes of oxygen and carbon from quartz and dolomite, to constrain the composition, source, and timing
of paleofluid movement through the fracture networks adjacent to Witchelina diapir; the results of these
analyses are summarized below.

3.5.1 Fluid Inclusion Microthermometry - Quartz
I selected fourteen representative samples for fluid inclusion analysis, only 6 of which had
inclusions suitable for microthermometric analysis. Microthermometry revealed that primary fluid inclusion
populations in quartz were dominated by 3-phase: liquid-50%, solid-25%, and carbonic phase-25% (liquid
and vapor CO2), and 2-phase: liquid-75% and carbonic phase-25%, inclusion populations (Figure 3-20).
Overall the majority of fluid inclusions in quartz showed many recrystallization/ reequilibration textures
(e.g. ratty, annular, hook and arc like, and crescent shaped inclusions) suggesting reequilibration of fluid
inclusions (Figure 3-20; Vityk et al. 1994; Vityk et al, 1996; Diamond, 2001). Due to the recrystallized
nature of the quartz, the possibility of post-entrapment changes in composition by molecular H2O
preferentially escaping from inclusions is likely (Bakker & Jansen, 1991, 1994; Sterner et al. 1995).
Therefore, homogenization temperatures (Th) should be viewed with skepticism, and only provide a rough
estimate of quartz precipitation temperatures (Vityk et al. 1994; Vityk et al. 1996; Diamond, 2001).
Petrographic observations, e.g. consistent liquid-solid-vapor ratios, indicate that fluids were
trapped homogenously (within the one phase region) and can be classified using compositional types
from Diamond, (2001) as, high XH2O low XCO2, typical of low- to medium-grade metamorphic rocks and
mesothermal to hypothermal ore deposits (Figure 3-20; Diamond, 2001). The presence of CO2 was
confirmed by freezing at or below -56.6°C, the CO2 triple point (Table 3-1; Diamond, 2001).
Homogenization of the carbonic phase occurred via vapor-liquid homogenization between 10.4-19.5°C
(Table 3-1). Upon further heating the majority of fluid inclusions would stretch and or decrepitate between
o

o

250 C and 330 C with an average Th of 290°C ±44°C (Table 3-1). A few successful total homogenization
temperatures (Th) were observed around 260°C ±60°C. The range of decrepitation and homogenization
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Figure 3-20. Fluid inclusions in quartz. a. Reequilibrated fluid inclusions. b. Three phase fluid
inclusions, with a halite cube, CO2 bubble, and H2O. c. Complex fluid inclusion planes common
throughout all the fluid inclusion sections. These along with the hook and crescent shaped inclusions
indicate significant reequilibration of primary fluid inclusion assemblages. H 2OL, liquid H2O; CO2L+V,
liquid and vapor CO2. See Figure 3-6 for station locations.
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Table 3-1. CO2 fluid inclusion data. P, primary; S, secondary; Ps, pseudo-secondary. See Figure 3-6
for station locations and Figure 3-4g for structural position.
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temperatures observed in quartz is shown in Figure 3-21.

3.5.2 Fluid Inclusion Microthermometry - Dolomite
Fluid inclusions in dolomite are dominantly 2 or 3-phase (liquid- carbonic phase ± solid) and
show consistent liquid-vapor ratios, indicating homogenously trapped fluids that are again, high XH2O low
XCO2, typical of low- to medium-grade metamorphic rocks and mesothermal to hypothermal ore deposits
o

(Figure 3-22; Daimond, 2001). The presence of CO2 was confirmed by freezing at or below (-56.6 C
o

±3 C) and liquid - vapor homogenization within the vapor bubble (vapor– liquid) between 23-26°C (Table
3-1). A few successful total homogenization temperatures were observed in dolomite around 266 ±3 °C,
although the majority of analysis resulted in decrepitation of inclusions between 130-266°C with an
average of 245°C ±40°C (Figure 3-21).
While specific homogenization temperatures and salinities should be viewed with skepticism, it
can be gathered that the fluids responsible for vein precipitation around Witchelina diapir were high
temperature (> 200°C), high salinity (often at or above halite saturation ~33 g/l), and CO2 rich, indicating a
metamorphic and or orogenic fluid source (McCuaig & Kerrich, 1998; Groves et al. 1998; Jia & Kerrich,
2000; Yardley & Graham, 2002; Harkins et al. 2008). The apparent temperature differences between
quartz and dolomite imply an evolving metamorphic fluid system that initiated with high temperature,
silica-rich fluids that transitioned into lower temperature dolomitization with some overlap in their
paragenesis. Yardley & Graham (2002) showed that high salinity CO2 fluid inclusions are likely related to
the interaction of metamorphic fluids with evaporites or saline formation waters. Thus the presence of
halite and CO2 in fluid inclusions indicates that the fluids responsible for vein precipitation were likely
metamorphic and or orogenic in origin and that they interacted with either saline formation waters or
evaporites prior to vein precipitation.
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Figure 3-21. Frequency plot of homogenization (Th) and decrepitation (Td) temperatures.
Measurements are from individual fluid inclusions. The right skew in the quartz data is likely
associated with the recrystallized nature of fluid inclusions and the tendency for decrepitation. See text
for discussion.
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Figure 3-22. Fluid inclusions in dolomite. a. Primary, two-phase fluid inclusion assemblage with CO2
double bubble and liquid H2O. b. Primary two phase fluid inclusion assemblage. c. Close up of Twophase fluid inclusion assemblage with CO2 double bubble (liquid and vapor CO2). See Figure 3-6 for
station locations.
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3.5.3 Stable Isotopes
Stable isotopes of carbon and oxygen have proven to be a reliable method for determining spatial
variations in fluid compositions (e.g. Bons, 2012; Smith and Fischer, 2012) as well as determining the
source of fluids responsible for vein mineral precipitation (e.g Bons, 2012). In the following section I use
oxygen isotopes from quartz, and oxygen and carbon isotopes from dolomite to constrain the distribution
of different paleofluid types around Witchelina diapir, and speculate on paleofluid sources (i.e. meteoric,
metamorphic, brines, etc.) and potential paleofluid compartmentalization around Witchelina diapir.

3.5.3.1 Quartz
18

The δ O values of quartz veins around Witchelina diapir range from 15.3 to 22.9‰ (VSMOW;
18

Figure 3-23; Table 2). Overall throughout the Burra Minibasin δ O values of quartz veins becomes more
18

positive as one travels higher in the stratigraphic section. In the middle and upper megaflap δ O values
of quartz veins range between 15.32 and 16.38 (‰VSMOW), whereas in the Twenty Mile Hill salt
18

shoulder, the δ O values of quartz veins are more positive and range between 16.93 and 19.05
(‰VSMOW). In the Myrtle Spring Formation I analyzed three different vein types (i.e. strike, strike
oblique, and cross strike) and the values range between 17.63 and 18.18 (‰VSMOW), indicating no
systematic variation between different vein types.
18

In the Delusion minibasin the δ O value of veins generally becomes more positive higher in the
18

stratigraphic section. The δ O value of veins in growth strata I range between 16.6 and 18.9
(‰VSMOW), with the highest values occurring closer to the salt-sediment interface. In the growth strata II
18

above the Camel Flat Shale the δ O of quartz veins is even more positive and ranges from 21.06 to
22.52 (‰VSMOW).
18

When I calculate the δ O value of the fluid responsible for the precipitation of quartz, based on the
fractionation factor from Clayton et al. (1972) for quartz-water and assuming a temperature of about
18

290°C (from fluid inclusion data), the original δ O value of the fluid would be about 10 ±3 (‰VSMOW;
Figure 3-24). The original fluid values are consistent with an organic, metamorphic, or igneous water
source. My data largely lay outside of the igneous water field and the presence of organic waters in
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18

Figure 3-23. Graph showing the range of δ O values measured in quartz (‰VSMOW). Inset map
shows the relative location of the different structural domains.
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18

Table 3-2. Oxygen isotope data, quartz. Standard NBS-28 has an accepted δ O value of
9.6‰ (VSMOW) and internal standard NIU-1 has an accepted value of 18.2‰ (VSMOW).
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18

Figure 3-24. Graphs showing calculated original fluid values. (a) δ O of vein quartz vs. temperature
for vein samples collected around Witchelina Diapir. See Figure 3-6 for structural position. (b) General
18
δ O vs VSMOW geofluid ranges for various types of water, and the range of values obtained for
quartz in this study (General ranges taken from Sharp, 2009). Organic water is crosshatched because
there is little organic material preserved in the Neoproterozoic sediments thus the presence of organic
waters is unlikely. See appendix 2 for the derivation of the upper graph.
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Neoproterozoic sediments is unlikely due to little organic material being preserved at this time, leaving
metamorphic fluids as the most likely source.

3.5.3.2 Dolomite
The interpretation of carbon and oxygen isotopes in dolomite remains dubious due to the
18

unknown effects of Mg – Ca ratios on the fractionation of δ O during dolomite crystallization, the lack of
an international dolomite reference standard, and many other notable complications (Northrop & Clayton,
1966; Katz and Mathews, 1977; Rosenbaum, 1986; Crowley et al. 2008; Crowley pers. comm. 2016).
Although many difficulties still exist in the interpretation of carbon and oxygen isotopes in dolomite, the
vast body of research focusing on dolomite has revealed the characteristics of different styles of
dolomitization that relate to specific primary/ diagenetic, and or burial/ hydrothermal processes. Warren,
(2000) describes both primary dolomite formation and secondary dolomitization and the relative isotopic
and petrographic evidence used to distinguish the two. At Witchelina diapir there is evidence for both
primary dolomite associated with platform evaporites in a back barrier reef setting (Gannaway, pers.
comm., 2017) and secondary dolomite related to hydrothermal fluids, deep burial and metamorphism
during the Delamerian Orogeny. Warren, (2000) showed that burial dolomites overprint the oxygen
18

isotope signature of primary dolomites and are characterized by very negative δ O values, reflecting their
elevated temperature of formation (Land, 1985; Warren, 2000).
18

13

18

A cross plot of δ O vs. δ C of vein dolomite shows relatively little variation with respect to δ O,
with most values ranging from about -10.08 to -13.89‰ (VPDB), with the exception of the Myrtle Springs
18

minibasin, which has significantly more positive δ O values that range from -8.48 to -2.74‰ (VPDB;
18

Figure 3-25). The very negative δ O values are characteristic of saddle dolomite and hydrothermal fluids
precipitated at elevated temperatures, consistent with a deep metamorphic/ hydrothermal fluid source
(Radke & Mathis, 1980; Land, 1985; Warren, 2000; Guzzy-Arredondo, 2007).
18

13

In the Burra minibasin there is a dramatic separation of δ O and δ C values on either side of
18

13

weld G. Above weld G, in the secondary minibasin δ O is significantly more positive and δ C is more
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18

Figure 3-25. Carbon and oxygen isotope data from dolomite. Graphs showing the variation in δ O and
13
18
13
δ C near Witchelina Diapir. (a) δ O vs. δ C for vein samples collected around Witchelina Diapir. (b)
18
13
Graph showing the δ O and δ C of host rocks collected from the different structural positions. Inset
map shows the relative location of the different structural units.
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18

negative than any other structural position. Below Weld G, in the growth strata II, δ O is more negative
13

than any other structural position and δ C is more positive than any other structural position.
18

13

To constrain the degree of fluid rock interaction the δ O and δ C of veins were plotted against
18

13

the δ O and δ C of their respective host rocks (Figure 3-26). Because there are relatively few
carbonates in both minibasins only a handful of samples had associated carbonate host rocks that could
be analyzed. Data that lay within ±2Δ indicate a host rock buffered system where there was equilibrium
between the host rock and the fluid (Gray et al. 1991; Bons, 2012; Smith & Fischer, 2012). Points
generally fall off of this trend line due to variations in fluid flux rate, isotopic exchange between the fluid
and host rock, or precipitation over a range of temperatures (Gray et al. 1991; Bons, 2012). Overall the
18

host rock δ O values are more positive than their respective vein values, although they trend towards
18

equilibrium, indicating the fluid responsible for vein precipitation to be more negative with respect to δ O.
13

On the other hand δ C of the vein and host rocks lies within ±2Δ indicating that the fluids were generally
13

in equilibrium with the adjacent host rocks with respect to carbon. Host rock δ C values throughout the
field area lay between -0.60 and 3.72 (‰VPDB), which is within the range of Neoproterozoic marine
carbonates (Hill et al. 2000; Hill & Walter, 2000; Melzhik et al. 2001).
13

The δ C of hydrothermal carbonates is dependent on temperature, fO2 (fugacity), pH during
18

13

mineral precipitation, interaction with host rocks, Rayleigh fractionation, and the δ O and δ C of the
parent fluid (Jia & Kerrich, 2000). Jia & Kerrich, (2000) show that there is little isotopic fractionation
13

between the fluid and the carbonate in systems with quartz and carbonate, accordingly the δ Cfluid ≈
13

δ CCarbonate (assuming fO2 close to the QFM buffer, above CO2-CH4, pH near neutral, and T > 270°C).
18

Thus it’s likely that the δ O of veins and host rocks reflect hot, hydrothermal/ metamorphic fluids,
13

13

however the large differences in δ C observed in veins throughout the field area reflect the bulk δ C
value of an evolving metamorphic fluid equilibrating with the host rock (i.e. interaction with the host rock,
progressive cooling, and loss of CO2).
18

To determine the range of fluid values responsible for dolomite precipitation the average δ O
value from each structural position was plotted against the total homogenization temperature measured
18

during fluid inclusion analysis (Figure 3-27). The original δ O of the fluids in the diapiric breccia growth
strata I and II, were likely around 9 ±2‰ (VSMOW). In contrast the fluids in the secondary minibasin
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18

13

Figure 3-26. Vein vs. host rock plots. Graphs comparing the host rock and the vein δ O and δ C near
18
Witchelina diapir. (a) Overall veins tend to have more negative δ O then their respective host rocks
13
while δ C appears to be in equilibrium with the host rocks (b). See Figure 3-4g for structural positions.
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18

Figure 3-27. Graphs showing calculate original fluid values, dolomite. (a) Graphs showing the a. δ O
of vein dolomite vs. temperature for vein samples collected around Witchelina Diapir. See Figure 3-3
18
and 3-4 for structural position. (b) General δ O vs VSMOW geofluid ranges for various types of water,
and the range of values obtained for dolomite in this study. General ranges taken from Sharp, 2009.
Organic water is cross-hatched because there is little organic material preserved in the Neoproterozoic
sediments. See appendix for the derivation of the upper graph. Error bars are one standard deviation.
The box represents the extent of all of the data.

77
show significantly higher values, indicating an original fluid value of about 17 ±3‰ (VSMOW). These
oxygen isotopic ratios could indicate organic, metamorphic, or igneous fluid sources (Figure 3-27)
although organic waters are unlikely because of the lack of organic material available during
Neoproterozoic sedimentation, thus indicating a metamorphic and or igneous fluid source.

3.6 Discussion
What my data means in terms of mesoscopic deformation and fluid flow around salt diapirs is
largely dependent upon the timing of fracturing and mineralization. If fracturing and mineralization are
associated with the Delamerian Orogeny, the data represent mesoscopic deformation associated with
thin- or thick-skinned contraction in a fold-thrust belt. If fracturing is associated with primary diapirism then
my data represent mesoscopic deformation associated with passive diapiric movement. Although it’s
likely that the present fracture sets represent both these scenarios, several lines of evidence point
towards diapir-related fracturing and later filling of the fracture network during the Delamerian Orogeny
(~554 to 490Ma). The presence of CO2 in fluid inclusions and the tendency for fluid inclusion
decrepitation above 250°C indicates that veins were emplaced at high temperatures and pressures and,
at the earliest, veins could not have formed until regional siliciclastic/carbonate rocks reached a
significant temperature and depth to release a substantial amount of metamorphic fluids via dehydration
and decarbonation reactions (>~300°C; Stevens et al. 1997). The intense deformation of quartz veins
indicates that veins were exposed to high temperatures and experienced significant strain after
mineralization (>300°C and 100 MPa). The tendency for fractures to occur in both radial and concentric
orientations in the growth strata and the megaflap indicates that the salt diapir played a critical role in
reorganizing the local stress field. These constraints point towards early diapiric fracturing transitioning
into regional tectonic fracturing and syn- and/ or post-Delamerian fluid flow. Regardless of whether
fracturing and deformation are associated with primary diapirism or the Delamerian Orogeny, the present
fracture network and interpreted fluid system give important insights into near-salt deformation at a
resolution that is unattainable from seismic and one-dimensional well log data, and has important
implications for drilling and exploration near salt diapirs.

78
In the following sections I will discuss the implications of mesoscopic deformation around salt
diapirs and in megaflaps, argue for the development of diapir-related fractures transitioning into a regional
tectonic fracture network, and finally suggest a mechanism for syn-Delamerian mineralization of these
pre-existing structural elements.

3.6.1 Geometry and Evolution of the Fracture Network Around Witchelina Diapir
The mesoscopic deformation around Witchelina diapir records both early salt diapirism and later
shortening associated with the Delamerian Orogeny. Salt diapirs in fold and thrust belts are known to
localize contractional strain, leaving minibasins relatively undeformed (Rowan & Vendeville, 2006). In
comparison, primary salt diapirism is commonly associated with radial faults/fractures in the minibasin,
concentric faults/fractures near the diapir and above the diapir, peripheral thrust faults near the ballooning
diapiric head, and secondary, ladder or polygonal faults/fractures in the minibasin (Alsop, 1996; Sutieng
Ho et al. 2012; Fischer et al. 2013; Clausen et al. 2014). Quinta et al. (2012) propose a simple theoretical
model that uses orientation distributions to discriminate between fractures that formed in response to
either a regional or local, diapir-related, stress field. They propose that diapir-related fracturing will take
the form of radial and concentric fractures, whereas the regional stress field will result in a set of fractures
with a consistent orientation, irrespective of proximity to the salt structure. I use this model to interpret the
fracture system evolution around Witchelina diapir.
Figure 3-28 shows a map view representation of the general evolution of mesoscopic and
macroscopic deformation in the Delusion minibasin (non-megaflap). Fracturing in Growth Strata I initiated
with concentric fractures in the Top Mount Sandstone, likely related to early diapir expansion or the
laterally migrating depocenters in the Williwalpa Formation. Radial and concentric fractures in the
Williwalpa Formation rotate along with the local bedding orientations, remaining largely parallel and
perpendicular to the salt-sediment interface. In the Witchelina Quartzite fractures begin to deflect from
perpendicular to the diapir margin, likely reflecting a greater regional tectonic influence and less diapirrelated deformation. After the basin-wide transgression and deposition of the Camel Flat Shale, the
Delusion minibasin experienced relatively little halokinetic deformation, thus the mesoscopic deformation
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Figure 3-28. Summary of brittle deformation in the Delusion minibasin .Simplified schematic diagram
illustrating the relative extent and orientation of brittle deformation (i.e. faults and fractures) in each
formation. The inferred fracture network orientation is shown in map view with the diapir growing out of
the page. Fractures are characteristic of each formation and are plotted with their relative orientation
compared to Witchelina diapir before Delamerian deformation. The map view geometry of Witchelina
diapir is unknown so an elliptical shape is used to represent the diapir.
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is likely representative of the background stress field after initial diapirism, which is recorded by fractures
that have no apparent relationship with the orientation of the salt-sediment interface.
In the Burra minibasin (megaflap) the complex stratigraphic architecture directly affected the
mesoscopic deformation and the general evolution of fracturing as shown in Figure 3-29. In the basal
megaflap concentric and radial fractures show no consistent timing relations and likely record early
megaflap rotation. In the middle megaflap, fractures occur in similar orientations although radial and
concentric fractures begin to split into multiple, discrete sets. The divergence of fracture orientations is
likely related to megaflap formation and limb rotation, similar to the model suggested by Rowan et al.
(2016). Shear fractures and localized extension are concentrated in the upper portions of the middle
megaflap and the lower portions of the upper megaflap, indicating that hinge rotation, which
accommodated megaflap formation, was likely concentrated in this zone (Rowan et al. 2016). In the
upper megaflap, fractures occur in a concentric orientation with no radial fracturing exposed. Fractures in
the upper portion of the megaflap are likely related to both megaflap extension and Delamerian rotation,
which together exaggerated the vertical extent of the diapir. Shear fractures observed in the field indicate
NW-SE oriented extension, a direction that, when restored, extended bedding vertically, up and down the
sides of the diapir. Scanlines near the hinge zone of the megaflap indicate up to 7% localized extension
within the Witchelina Quartzite, which is greater than the estimates for other megaflaps from Rowan et al.
(2016) and Nikolinakou et al. (2014a,b), but significantly less than the estimates from Callot et al. (2016).
Shear fracturing is largely consistent with flexural slip kinematics, with localized detachments along
bedding planes, although there appears to be a component of structural thinning that extending bedding
up and down the megaflap (Figure 3-29).
In the Growth strata II fractures occur in similar orientations with respect to bedding on either side
of a small salt shoulder (Figure 3-12). Fractures occur in both radial and concentric orientations and are
likely associated with the piston-like uplift during allochthonous salt breakout and rotation of the megaflap.
Fracturing and cross cutting relationships indicate along-strike and cross-strike bedding extension.
In the basal strata and the Myrtle Springs minibasin fractures occur 77° from each other and are
characterized by a dominant strike-oblique set that have apertures up to 0.5 m. These fractures likely
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Figure 3-29. Summary of brittle deformation in the Burra minibasin. Simplified schematic diagram
illustrating the relative extent and orientation of brittle deformation (i.e. faults and fractures) in each
formation. The inferred fracture network orientation is shown in map view with the diapir growing out of
the page. Fractures are characteristic of each formation and are plotted with their relative orientation
compared to Witchelina diapir before Delamerian deformation. The map view geometry of Witchelina
diapir is unknown so an elliptical shape is used to represent the diapir.
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represent a background regional tectonic stress field because their orientations appear to have no
relation to the salt-sediment interface and they show consistent orientations with respect to bedding,
despite being in very different structural positions. In their present orientation, these fractures indicate
NW-SE and NE-SW extension in strata above the salt canopy.
Regardless of whether fracturing is related to primary salt diapirism or later Delamerian
contraction, the fracture network around Witchelina diapir appears to be strongly correlated with structural
position and the local stratigraphic architecture. Despite being in the same regional geologic and diapiric
setting the Delusion minibasin (non-megaflap) and the Burra minibasin (megaflap) are characterized by
different styles of fracturing and deformation. In the Delusion minibasin (non-megaflap) fractures are
dominantly perpendicular to bedding and are contained within competent stratal packages that have
experienced some degree of deformation related to salt diapirism. Diapiric fracturing dominates in growth
strata I and transitions into regional tectonic fracturing in growth strata II. Fracturing throughout the
Delusion minibasin indicates that there was little shear and that brittle fracturing compensated
deformation. In the Burra minibasin (megaflap) fracturing appears to be correlated with the current
structural position relative to the fold hinge in the megaflap as well as the relative position along
Witchelina diapir. In the megaflap section below the fold hinge fracturing is characterized by both radial
and concentric fractures with little to no mineralization present. In contrast, above the fold hinge,
fracturing is dominantly concentric and fractures are commonly mineralized with quartz. Furthermore
shear structures are concentrated in the fold hinge. This indicates that limb rotation is the likely
mechanism for megaflap formation and that the two limbs of the fold may have experienced different
stress regimes or folding kinematics throughout the evolution of Witchelina diapir. Fractures in the Myrtle
Springs minibasin indicate significant along strike and cross strike extension above a tertiary salt weld
and allochthonous salt sheet and within a secondary minibasin.

3.6.2 Evolution of the Fracture Controlled Fluid System Around Witchelina Diapir
Several lines of evidence point towards a regional-scale metamorphic fluid system that was
fracture controlled and fluid dominated, but host rock mediated. First, petrographic analysis revealed that
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fractures were open prior to vein filling; therefore fracturing likely facilitated fluid flow vertically through the
stratigraphic section adjacent to Witchelina diapir. Second, fluid inclusion analysis of both quartz and
dolomite revealed that the fluid was >250°C, above halite saturation, and CO2 rich, consistent with a
metamorphic fluid source that interacted with saline formation waters or evaporites (Yardley & Graham,
2002). Third, stable isotopes of oxygen from quartz and dolomite combined with fluid inclusion
homogenization temperatures indicate that the original fluid responsible for both quartz and dolomite
18

precipitation had a δ O value of about 9 – 10‰ (VSMOW), which lays within the metamorphic fluids field.
Therefore, it can be concluded that the early sedimentary fluid system has been overprinted by later
metamorphic fluid injection and the isotopic and trace element variation around Witchelina diapir is likely
related to metamorphic fluid evolution, which is summarized in Figure 3-30.
To explain the isotopic variation around Witchelina diapir I propose a mechanism wherein
metamorphic fluids entered the Burra group strata and experienced progressive cooling and interaction
with the host rock formations, causing the fluid to evolve upon its ascent (e.g. Bons, 2001; Harking et al.
2008). The evolution of the metamorphic fluid in each minibasin was largely controlled by the local
stratigraphic architecture and fracture network, which left a unique signature in veins around Witchelina
diapir, and is depicted in the schematic diagram in Figure 3-30.
In the Delusion minibasin, the Camel Flat Shale acted as a hydrologic/ thermal barrier for millions
of years, separating the fluid system into two discrete hydrogeologic zones. Metamorphic fluids entered
the Delusion minibasins utilizing the pre-existing diapir-related fractures as conduits, precipitating quartz
in single crack-seal events throughout the Delusion minibasin and accumulating in stratigraphic traps
(e.g. DB07). These metamorphic fluids migrated upwards through the stratigraphy, likely utilizing the
18

radial and concentric fractures as conduits. The δ O values of quartz and dolomite generally become
more positive higher in the stratigraphic section, suggesting that the fluid was cooling as it ascended up
18

section. The change in δ O values of quartz veins between the growth strata I and growth strata II
corresponds to a temperature decrease of ~75°C over 2km lateral distance, indicating that these hot
metamorphic fluids were rapidly cooling and reacting with the host rock formations as they traveled
18

13

through the Burra Group rocks. The large differences in δ O and δ C observed in vein dolomite follows
a similar trend, with ~40°C temperature shift over 500m. Mineralization began with dominantly quartz
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Figure 3-30. Schematic fluid system evolution. (a) The inferred early sedimentary fluid system (after
Canova et al, 2017) that has been overprinted and obscured by metamorphism. Red-blue arrows
indicate convective sedimentary fluids within permeable horizons. (b) The early quartz metamorphic
fluid entered the minibasins and cooled upon its ascent through the stratigraphic section. White arrows
indicate siliceous fluids responsible for quartz precipitation. Sinuous arrows indicate fluid migration
from depth. (c) After the initial fluid ascent structural and stratigraphic traps compartmentalized the
fluid causing greater host rock interaction that changed the fluid composition and resulted in dolomite
precipitation. Black arrows indicate dolomitic fluid compartmentalization and interaction with host rock
formations.
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precipitation, but through further cooling and with some degree of host rock interaction the fluid evolved,
accumulating more Mg, Ca, and carbonate from the host rock formations and co-precipitating dolomite
with quartz in the veins which later transitioned into dominantly dolomite mineralization. The fluids appear
to be buffered by the host rocks with respect to carbon (evidenced by the carbon values of veins
approaching those of the host rocks higher in the section) indicating some degree of fluid rock interaction
18

upon fluid ascent. In contrast the fluid seems to dominate in terms of oxygen, indicated by the δ O
values of veins being more negative than their respective host rocks, which suggests a metamorphic,
more open system where the dolomite was locally derived from fluid-rock interactions upon fluid arrest.
Witchelina diapir appears to have acted as a structural culmination for metamorphic fluids, trapping large
quantities of fluids in stratigraphic and structural traps on either side of Witchelina diapir, similar to the
model proposed by Harking et al. (2008).
In the Burra minibasin and secondary Myrtle Springs minibasin, the metamorphic fluid evolved in
a similar way, although the megaflap appears to have readily transmitted fluids upwards, and Weld G
18

appears to have been partially sealing. Throughout the Burra minibasin the δ O values of quartz become
more positive towards the top of the diapir, which is likely due to fluid cooling. Dolomite is only present
13

where there are dolomitic host rocks and the δ C values of dolomite show a dramatic separation on
either side of weld G. This large variation is likely the result of a different fluid source or due to fluid
compartmentalization in the upper megaflap. I propose a mechanism wherein fluid was trapped in the
upper megaflap, but once the Myrtle Springs minibasin completely welded on top of the megaflap (likely
sometime during the Delamerian) the fluid rapidly escaped into the secondary minibasin rapid cooling and
precipitating quartz and dolomite. This interpretation is supported by the heterogeneity of the dolomite
isotopes and very negative carbon values observed in the Myrtle Springs minibasin. The presence of
other trace elements and increased Fe content indicate that the dolomitic fluid that entered the secondary
minibasin had significant time to interact with the host rocks before vein mineral precipitation. The trend
13

toward more negative δ C values in the secondary minibasin could also be associated with CO2
exsolution, with CO2 preferentially taking up the lighter carbon, or it could be the result of interaction with
hydrocarbons. However, given the lack of hydrocarbon source rock, it most likely reflects metamorphic
fluids interacting with carbonate host rocks and rapidly precipitating in the secondary minibasin.
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Despite the different stratigraphic architecture and the unique modes of deformation observed in
the megaflap and non megaflap minibasins the fluid system structure appears to have been broadly
similar on either side of the diapir. In both minibasins quartz-rich fluids appeared to have migrated up
section and accumulated in structural and stratigraphic traps where they began precipitating dolomite that
was in equilibrium with the host rocks. On the megaflap side, the upper megaflap and growth strata II
appear to have been a fluid traps while there was no similar fluid accumulations observed in the lower
megaflap section. In the Delusion minibasin fluids appear to have been trapped along the flank of the
diapir and within stratigraphic traps (i.e. the quartz pod). These results underline the importance of
stratigraphic architecture in terms of near salt deformation (i.e. fracturing and faulting) and the resulting
fluid system structure.

3.7 Conclusions
Here I provide the first detailed analysis of mesoscopic deformation near a halokinetic megaflap
as well as in non-specific growth strata in a primary minibasin, and provide the first characterization of the
paleofluid system around a Neoproterozoic salt diapir in South Australia. Mesoscopic deformation around
Witchelina diapir underlines the importance of stratigraphic architecture in mesoscopic deformation near
salt structures. Fractures throughout the field area largely occur perpendicular to bedding despite having
undergone significant rotations during salt diapirism and basin inversion during the Delamerian Orogeny.
Mesoscopic deformation in the halokinetic megaflap is largely consistent with limb rotation and flexural slip kinematics, with shear features concentrated in the hinge of the megaflap, although there appears to
be some component of structural thinning. Fracturing in the upper megaflap is dominantly concentric,
whereas in the lower megaflap there are both concentric and radial fractures associated with diapiric
growth. The secondary minibasin has significantly different fracture orientations, indicating a different
stress regime with a reorientation of regional stress across a tertiary salt weld. In the Delusion minibasin,
dominantly diapir-related fractures in the basal strata transition into regional fractures towards the top of
the section. The current paleofluid system preserved around Witchelina diapir is consistent with a
metamorphic and or igneous fluid source evidenced by the presence of CO2 in fluid inclusions in both
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dolomite and quartz. Stable isotopes of oxygen from quartz and oxygen and carbon from dolomite
support the interpretation of a metamorphic fluid source. Metamorphic fluid production initiated with a
silica-rich fluid that precipitated quartz in open fractures throughout the field area. These hot, silica-rich
fluids cooled and interacted with the dolomitic host rocks, driving the fluid to a more dolomite-rich
composition that precipitated hydrothermal dolomite in the residual open fractures and pore spaces. The
distinct isotopic values recorded in each minibasin indicate a stratigraphically controlled fluid system with
shales acting as regional seals for more than 500 million years.

CHAPTER 4
CONCLUSIONS
In this chapter I review findings from my numerical modeling and field study, I critique the
methodology from each chapter, and I propose avenues for future research associated with salt-related
fluid systems.

4.1 Summary of Findings
From chapter 2 it can be concluded that salt plays a critical role in reorganizing the temperature
distribution of sedimentary basins. These temperature distributions are controlled by thermal conduction
through the salt and enveloping sediments, and by advecting warm waters near the salt and in the
adjacent minibasins. The main controls on the thermal structure of the basin are: (1) the permeability
structure of the sediments, (2) the geometry of the salt structure and (3) the structural evolution of the
diapir and basin. Decreasing the dip of a salt-sediment interface induces advective heat transfer and the
resulting fluid circulation causes flow up the diapir flank. As diapir flank dips increase, advection
decreases and the thermal structure is dominated by conduction. The presence of laterally continuous
sealing layers in the minibasin also decreases the overall effects of advective heat transfer. In the
presence of these layers the fluid system becomes stratigraphically compartmentalized, and the salt
chimney effect is dominated by conduction through the salt rocks. Systematic, depth-dependent
permeability results in heat being advected up the diapir in a narrower zone, with increased flow at the
diapir margin. Cold waters are advected deeper into the basin and the salt chimney effect is dominated by
advection. In a model that combines all of these characteristics, conductive heat transfer
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dominates in the basal units with advection affecting the middle layers of the model and dominating in the
upper units. In general it can be concluded that advection likely dominates in shallow sediments with
relatively high permeability. Similarly advection likely dominates in the early stages of diapirism, while
conduction likely dominates in the later stages when complex stratigraphic and structural geometries
have developed.
From my field study of Witchelina diapir, it can be concluded that the mesoscopic deformation in
the vicinity of Witchelina diapir directly affected the fluid system structure allowing hot, metamorphic fluids
to rapidly migrate up section. Fractures throughout the field area largely occur perpendicular to bedding
despite having undergone significant rotations during salt diapirism and basin inversion during the
Delamerian Orogeny. Mesoscopic deformation in the halokinetic megaflap is largely consistent with limb
rotation and flexural -slip kinematics, with shear features concentrated in the hinge of the megaflap and
only minor structural thinning. Fracturing in the upper megaflap is dominantly concentric, whereas in the
lower megaflap there are both concentric and radial fractures likely associated with early diapiric
development. The secondary minibasin has significantly different fracture orientations, indicating a
different stress regime with a reorientation of regional stress across a tertiary salt weld. In the Delusion
minibasin, dominantly diapir-related fractures in the basal strata transition into regional fractures towards
the top of the section. The current paleofluid system preserved around Witchelina diapir is consistent with
a metamorphic and or igneous fluid source indicated by the high temperature fluid inclusions along with
the presence of CO2 in both dolomite and quartz. Stable isotopes of oxygen from quartz and oxygen and
carbon from dolomite support the interpretation of a metamorphic fluid source that was buffered by the
local host rocks. I propose a model where metamorphic fluid production initiated with a silica-rich fluid that
precipitated quartz in open fractures throughout the field area. These hot, silica-rich fluids cooled and
interacted with the dolomitic host rocks, driving the fluid to a more dolomite rich composition that
precipitated hydrothermal dolomite in the residual open fractures and pore spaces. The distinct isotopic
values recorded in each minibasin indicate a fracture controlled, stratigraphically buffered, fluid system
with shales acting as regional seals for more than 500 million years.
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4.2 Critique of Methodology
In the following section I will comment on the methods and techniques used throughout this study and
I will discuss aspects that could be improved upon with future research. Although the main aim of my
modeling was to assess the role of advective heat transport near salt diapirs, we assume no salt
dissolution. Salt dissolution could counteract fluid migration up the flank of the diapir with dense, saline
brines near the diapir crest sinking down the flank of the diapir. Therefore, it is necessary to run additional
models to test the role of dissolution through time and whether it’s a transient process that turns on and
off, or if it will control the long term fluid system structure. Another aspect to my modeling that could be
2

improved is the mesh resolution. Although I do provide a relatively high-resolution model (100m cells),
fractures, faults, and other secondary porosity features are still beyond the resolution of my model domain
and could pose a critical control on the fluid system structure and advective heat transport. Finally, I never
truly incorporate an evolving salt diapir geometry into the model domain (i.e. simultaneously modeling salt
diapir growth and fluid system evolution through time). Although our model domains allow us to speculate
on the fluid system structure through time, modeling the growth of a diapir along with the associated fluid
system could provide important insights into overpressure generation and compartmentalization in these
complex settings.
In my third chapter I conducted a field study of a Neoproterozoic salt diapir in the Willouran Ranges of
South Australia. Although the Willouran Ranges provide an excellent cross sectional exposure of a salt
diapir that allows detailed analysis beyond the resolution of seismic data the field area also has many
limitations. First, these rocks are really old and have undergone extensive deformation. This creates
numerous problems when trying to interpret the mesoscopic deformation and fluid system structure. First,
mesoscopic deformation is often overprinted by regional metamorphic events (i.e. the Delamerian
Orogeny). This regional metamorphism is also likely responsible for fluid inclusion reequilibration, thus
making it hard to collect reliable temperature and compositional data about the parent fluid. Another
difficulty with my field area is that we have one cross sectional view; therefore we don’t know the
geometry of units along strike of the diapir (e.g. into or out of the page). In conclusion although the
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Willouran Ranges provide an outstanding outcrop exposure of a salt diapir, there are still many unknown
factors that make interpreting the paleofluid system structure challenging.
During the analysis of oxygen isotopes from quartz there were some laboratory complications that
caused the standard values to have a higher standard deviation then is generally preferred. Given more
time, and more funding I would like to analyze more vein cements to constrain the amount of variation
throughout the field area. I would also analyze host rock quartz to determine if the quartz could be locally
17

derived or if it was externally derived. Further isotopic analysis of oxygen isotopes, specifically δ O could
help to further constrain the fluid sources.

4.3 Future Work
Although there are infinite things to look at when it comes to salt-related fluid systems I will
suggest a few specific avenues for future research that have specifically come from this thesis. First,
modeling salt related fluid systems simultaneously with the growth of a salt diapir could shed light on
transient sealing processes, overpressure generation, and hydrocarbon trapping. Other, simpler models
that could be run include adding dissolution to the model domains, or refining the model mesh to include
secondary porosity features such as faults and fractures that were seen in the field study.
In the Willouran Ranges I would recommend further sample collection and quartz analysis. Due to
time restrictions I did not sample from the center of the Myrtle Springs minibasin. Sampling from this
minibasin could shed light on some of the large isotopic differences observed in this study and provides a
chance to assess the mesoscopic deformation near many smaller scale secondary salt structures. Like
with many geologic studies, constraints on the timing of fluid flow and vein precipitation are minimal. To
further constrain the timing of the metamorphic fluid system in the Willouran Ranges I would recommend
Rb-Sr or Re-Os dating of pyrite grains that have been co-precipitated with the quartz. Having a numerical
age on vein precipitation would provide much needed insights into the timing of fracturing, fluid flow, and
vein mineral precipitation in relation to the Delamerian Orogeny. To better constrain the temperature of
17

vein mineral precipitation and fluid sources I recommend δ O analysis on the quartz cements.
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APPENDIX A. CHAPTER 3 SUPPLEMENTAL DATA
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Table A1. Raw Stable Isotope Data, Dolomite
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Table A1 continued. Raw Stable Isotope Data, Dolomite
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Table A2. Fracture Data Burra minibasin
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Table A3. Fracture Data Delusion minibasin
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Table A4. Paragenetic Sequence, Burra Minibasin
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Table A5. Paragenetic Sequence, Delusion Minibasin
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Table A6. Linear Scanline Data
Scanline

Apertures (cm)
0.5
0.2

Total Length (cm)

0.4
0.2
0.2
0.2

MF17

0.1

Apertures (cm)
0.7
1
0.2
2
0.1
0.1
0.1

0.6

0.7

0.6
0.6

4
1

0.5
1.2
0.5

MF26

1.2
1.2
0.6
0.3
0.2
0.3
1.2
3.6
1
0.4
0.7

32

1.8
0.5
0.3
0.2
0.3

85

0.1
1.5
1
2
1.8
0.9
0.5
0.4
0.3
0.9
1.3
0.4
0.3
0.5

1.5

183

0.6
1.5

MF14

Scanline

149

35

Total Length (cm)
80

70

122

4
3

70

1.5
1.5

80

6

80

APPENDIX B. DOLOMITE – WATER FRACTIONATION AND GRAPH DERIVATION
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18

The derivation for the temperature vs. δ O (‰ VPDB) graph for dolomite follows the procedures from
Land (1985) and the fractionation factor for dolomite – water from Northrop and Clayton (1966) for
temperatures between 250-300°C.
1000 ln ! = 3.2 ∗

!"!

−2

!!

Equation 1

And
!=

(!"""!!!" !! )

Equation 2

(!"""!!!" !! )

Then
1000 ∗ !"

(!"""!!!" !! )
(!"""!!!" !! )

= 3.2 ∗

!"!
!!

−2

Equation 3

Therefore
!"

!"

δ O! (VSMOW) = 1000 + δ O! (VSMOW) ∗ !

!.!∗ !"! !!! !!
!"""

− 1000

Equation 4

Convert VSMOW values to VPDB
δ!" O! !"#$ =

!!" !! (!"#$%)
!.!"!#$

− 30.91

Equation 5

Graph function at varying temperatures to denote VSMOW value of original water on graph.
The function to use in excel is:
=((1000+!!" !! )*(EXP(((3.2*10^6)*(T^-2)-2)/1000))-1000)/1.03091-30.91
Substitute fractionation factor for other minerals as necessary.

Equation 6

